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La cellule est l’élément fondamental de la vie. Plus d’une vingtaine de trillions de 
cellules forment les organes et tissus de notre corps. Ces cellules sont de taille spécifique 
puisqu’elles ont des fonctions précises au sein de leur tissu respectif. Dans la plupart des cas, 
les cellules doivent proliférer en se divisant pour se renouveler et ainsi assurer le bon 
fonctionnement d’un organisme. La dernière étape de la division cellulaire, la cytokinèse, est 
exécutée par la contraction d’un anneau contractile d’actomyosine, nécessaire pour effectuer la 
séparation physique de la cellule en deux cellules filles. La première partie des travaux décrits 
dans cet ouvrage portent sur la caractérisation de la cytokinèse en utilisant, comme modèle in 
vivo, les cellules précurseur de la vulve (VPCs) du nématode C. elegans. Notre étude révèle 
que plusieurs aspects de l’anneau d’actomyosine s’ajustent en fonction de la taille de la 
cellule. Entre autres, la largeur de l’anneau contractile, juste avant sa constriction, s’ajuste en 
fonction de la longueur des VPCs. De plus, la rapidité avec laquelle l’anneau se contracte 
dépend de la circonférence de la cellule. Ces découvertes nous ont amené à nous demander 
comment la cellule régule sa taille? Les cellules en prolifération maintiennent leur taille en 
homéostasie en équilibrant leur taux de croissance et de division cellulaire. Afin d’interroger 
les gènes impliqués dans le maintien de la taille cellulaire du mammifère, nous avons utilisé la 
technologie CRISPR/Cas9, afin d’éliminer par délétion tous les gènes humains, à raison d’un 
par cellule, pour identifier ceux qui causent une augmentation ou une diminution de la taille 
cellulaire. Cette étude nous a permis d’identifier plusieurs gènes déjà connus régulant la 
croissance cellulaire. De plus, nous avons identifié un groupe de gènes, incluant TLE4 un 
corépresseur de la transcription que nous avons caractérisé, n’ayant jamais été associé avec 
une fonction de contrôle de la taille cellulaire chez les mammifères. En somme, nos travaux 
ont contribué à l’approfondissement des connaissances sur la division cellulaire, plus 
précisément la cytokinèse, et des gènes impliqués dans le maintien de la taille cellulaire. Une 
meilleure connaissance du fonctionnement de ces deux évènements cellulaires est essentielle 
puisque leur dérégulation peut entrainer plusieurs pathologies, incluant le cancer. 





Cells are the fundamental building blocks of life. The human body contains over 
twenty trillion cells that make up the different tissues and organs of our bodies. Cells within 
organs are of specific sizes to perform their specialized functions. In most cases, these cells 
must divide to proliferate and replenish the population of cells essential for proper organism 
function. The final stage of cellular division, termed cytokinesis, entails the assembly and 
constriction of a contractile ring that drives the dramatic cell shape changes required to 
physically partition the cell into two daughter cells. The first part of the work presented in this 
thesis addresses the characterization of cytokinesis in the epithelial vulval precursor cells 
(VPCs) of the nematode worm C. elegans. This study principally revealed that several aspects 
of cytokinesis scale with cell size. For instance, I observed that the breadth of the actomyosin 
ring scaled with VPC length. In addition, the speed of contractile ring constriction scaled with 
the circumference of VPCs. These scaling events raised the more general question as to how 
cells regulate their size. Proliferating cells attain cell size homeostasis by balancing cell 
growth and cell division. In order to define the molecular regulators of size in human cells a 
genome-wide approach was taken. Recently developed CRISPR/Cas9 technology was used to 
perform the first pooled knockout screens for human cell size regulators in the NALM-6 pre-B 
lymphocytic cell line. These screens revealed many genes that affect the size of NALM-6 
cells, a number of which were previously known to be involved in growth regulation. In 
addition, these screens revealed the identity of many genes with no previously established 
functions associated with cell size regulation. Amongst the previously unknown regulators, I 
characterized the function of a co-repressor of transcription, TLE4, which I showed functions 
as a regulator of the B-cell lineage. This work contributes to the knowledge of the mechanics 
of cytokinesis in C. elegans epithelial cells and of the genes that coordinate cell size in 
humans. These results provide insights into cell growth and division in normal cells and how 
these processes may be perturbed in cancer and other diseases. 
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1 General concepts 
1.1 The intriguing question of size 
 Cells are the fundamental structures of life in all living organisms. Across species, cell 
shape and size variations are remarkable (Maniloff and Morowitz, 1972; Smith et al., 1992). 
However, within an organism, cells of the same tissue type show very little variation in size, 
including cells that make up the different organs in our body (Ginzberg et al., 2015). How 
cells achieve this uniformity in size despite experiencing changing environmental conditions 
and physiological stress represents a fundamental question in biology. This question of how 
cells precisely regulate their size has remained an enigma from the early days on modern cell 
biology. Haldane stated: “The most obvious differences between different animals are 
differences of size, but for some reason the zoologists have paid singularly little attention to 
them” (Haldane, 1985). Even though most differences of size are attributed to differences in 
cell number, cell size variations are important in body size determination (Conlon et al., 2001). 
Nonetheless, it is fascinating how such a striking observation in nature has remained 
underappreciated and little studied over nearly one hundred years. In recent decades, studies 
on cell size regulation began to emerge (Amodeo and Skotheim, 2016; Cook and Tyers, 2007; 
Ginzberg et al., 2015; Jorgensen and Tyers, 2004; Turner et al., 2012). New molecular genetic 
approaches developed in the post-genomic era have enabled the long-standing question of how 
cells regulate their size to be addressed. In the following sections, the progress made in 
identifying the molecular regulators of cell size will be summarized for unicellular organisms 
to mammals, including humans. 
1.1.1 Enormous size scale 
The astonishing range in size of living organisms is perhaps the most obvious feature 
of life on earth (Bonner, 2011). The smallest bacteria, such as Pelagibacter ubique and 
mycoplasma species are only 0.2 µm and 0.3 to 1 µm in diameter, respectively (Maniloff and 
Morowitz, 1972; Rappe et al., 2002). At the other end of the spectrum lies the largest mammal 
on earth, the blue whale that can reach 100 feet in length and weigh 200 tons (Marshall et al., 
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2012). The diversity in species size is further underscored by the incredibly small size of nano-
organisms, approximately 6 aL in volume, compared to the clonal Armillaria fungi that can 
span thousands of acres (Smith et al., 1992; Uwins et al., 1998). This remarkable range in 
organism size is largely attributed to variations in cell number and to a lesser extent to 
differences in cell size. For instance, the large difference in body size between a human adult 
and a mouse is the result of a 3000-fold difference in cell number (Conlon and Raff, 1999). 
Even though cell number variations are predominant, differences in cell size are also important 
to consider. For instance, cells of tetraploid salamanders are twice the size of that of diploid 
animals whilst body sizes are the same (Fankhauser, 1945). 
Cell size also spans a vast range. Small unicellular eukaryotes, such as yeast cells of 
only 3 µm in length, are dwarfed when compared to the largest unicellular eukaryote, the giant 
Caulerpa taxifolia alga that can span several meters in length (Ranjan et al., 2015). Within the 
human body cells span a substantial range of sizes, from small blood cells of only 10 to 30 µm 
in diameter to meter-long motor neurons to large oocytes of 100 µm in diameter (Figure 1.1.1) 
(Guertin and Sabatini, 2006). In contrast, cells of the same type, such as pancreatic cells or 
columnar cells of the epidermis show hardly any variation in size (Ginzberg et al., 2015). 
Evolution has shaped this diversity in cell size to accomplish specialized functions (Guertin 









Figure 1.1.1 Examples of the cell size diversity observed in nature 
Schematic representing a meter-long motor neuron (blue) compared to a budding yeast S. 
cerevisiae (yellow) approximately 3 µm in length (yellow), a blood cell (pink) 10 to 30 µm in 
diameter and compared to a human oocyte (orange) 100 µm in diameter. Adapted from 
(Guertin and Sabatini, 2006). 
1.1.2 Cell size de-regulation associated with human diseases 
Even though there is a broad diversity in cell size observed in nature, cell-type specific 
homogeneity in size is achieved within a cell population. Cell size homeostasis, an equilibrium 
state between cell growth and cell division, needs to be attained for proper cell function. 
Diseases can arise when cells fail to achieve size homeostasis. For instance, cardiac 
hypertrophy results when cardiac myocytes enlarge to compensate for anomalies of the heart 
(Heineke and Molkentin, 2006). Individuals with gigantism, due to growth hormone over-
secretion, present severe organ overgrowth and are usually of abnormally large heights due to 
increased cell size and cell numbers (Melmed, 2009). In tuberous sclerosis (TSC), where 
affected patients develop benign tumors mainly in the brain, kidney, lungs and skin, giant cells 
are characteristic of brain tumors (Goto et al., 2011). These giant cells are the result of 
uncontrolled cell growth caused by loss-of-function mutations in either TSC1 or TSC2 genes, 
which negatively regulate the mTOR growth control network (Goto et al., 2011). In another 
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example, abnormally large cancer cells can arise upon entosis (cell engulfment) or aberrant 
cell division, including cytokinesis failure, which will be discussed in the following sections 
(Lacroix and Maddox, 2012). 
Other examples of cell size plasticity include the active modulation of pathogen cell 
size to avoid immune detection by the host. For instance, the pathogenic yeast C. neoformans 
increase in size and become “titan” cells to escape immune surveillance (Zaragoza and 
Nielsen, 2013). Cell size de-regulation has also been observed in metabolic and mitochondrial 
disorders, aging and Parkinson’s Disease (Herrera et al., 2015; Maciak et al., 2014). Thus, cell 
size de-regulation is associated with various diseases reflecting the importance of 
understanding how cells achieve cell size homeostasis. 
1.2 Cytokinesis 
Individual proliferating cells achieve size homeostasis by balancing cell growth and 
cell division. The size of a cell is dictated by the size of the precursor (mother) cell it 
originates from and the amount of growth it accomplishes. Cell size uniformity for a particular 
cell type depends on a tight coordination between cell growth and cell division for each 
individual cell in the population. Therefore, it is important to understand how both cell growth 
and cell division are governed. In part, my studies have focused on the final step of cell 
division termed cytokinesis. 
Cytokinesis is the final stage of cellular division that physically partitions the 
cytoplasm of a cell into two daughter cells. Cytokinesis is intricately coordinated in space and 
time. Cytokinesis begins in anaphase, following chromosome segregation to opposite spindle 
poles. Cytokinesis is robust to physical perturbations and drives cell shape changes in the form 
of membrane curves that ingress to bisect the cell. In the early events of cytokinesis, the 
spindle midzone specifies the site of division. At this precise location, a contractile ring is 
assembled beneath the plasma membrane and constricts to drive cell shape changes (Figure 
1.2). Membrane ingression driven by the contractile ring proceeds until only a structure called 
the midbody remains (Figure 1.2). The midbody is resolved during abscission, involving 
membrane scission to render the newly formed daughter cells topologically distinct (Figure 
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1.2). The proper coordination of these events is essential, as cytokinesis failure can lead to 
diseases including cancer (Lacroix and Maddox, 2012). 
 
Figure 1.2 An overview of cytokinesis 
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Schematic representation of a cell undergoing cytokinesis. A contractile ring (red) assembles 
between segregated chromosome masses (blue). The contractile ring constricts and drives 
membrane ingression (dark grey). Contractile ring closure progresses until the midbody 
remains, a structure cleaved during abscission. This process marks the physical separation of a 
cell into two newly formed daughter cells. Adapted from (Green et al., 2012). 
1.2.1 Cytokinesis and cancer 
In the event of cytokinesis failure, cells become tetraploid, containing four copies of 
the genome. In most cases, tetraploidy results in activation of the p53 tumor suppressor gene 
and thus cell cycle arrest in G1 that can lead to cell death (Ganem and Pellman, 2007). 
However, under certain conditions including loss of p53, tetraploid cells can further 
proliferate. Upon division, these cells can fail to assemble a bipolar spindle due to their 
supernumerary microtubules organizing centers (Fujiwara et al., 2005). This can lead to 
merotelic chromosome attachments and chromosome segregation errors resulting in genetic 
instability (Ganem et al., 2009; Silkworth et al., 2009). Chromosome instability is manifested 
in several ways including mutations, deletions, chromosomal rearrangements and fusion, gene 
amplification and aneuploidy, an important hallmark of cancer (Lacroix and Maddox, 2012; 
Williams and Amon, 2009). Experiments in mice showed that cells that fail a round of 
cytokinesis are more prone to tumorigenesis (Fujiwara et al., 2005). However, it is important 
to mention that while cytokinesis failure may lead to cancer, it can also cause cell death upon 
p53 activation (Ganem and Pellman, 2007). How the decision between these two outcomes is 
made remains unknown. Thus, it is important to establish a deep understanding of the 
mechanisms ensuring the proper execution of cytokinesis. 
Cytokinesis failure can be viewed as a double-edged sword. For certain cells, 
cytokinesis failure can cause genetic instability leading to diseases, as previously described. 
However, other cell types purposely fail cytokinesis to perform specialized functions (Lacroix 
and Maddox, 2012). For these cells, the completion cytokinesis can lead to pathological states 
(Lacroix and Maddox, 2012). These specialized cell types include hepatocytes, 
megakaryocytes and cardiomyocytes that reach high levels of ploidy by either failing 
cytokinesis or an earlier step in mitosis (Lacroix and Maddox, 2012). This re-enforces the 
importance of understanding the fundamental principles governing cytokinesis. 
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1.3 Scaling unifies cytokinesis and cell size 
“Everywhere Nature works true to scale and everything has its proper size 
accordingly.” This citation by D’Arcy Wentworth Thompson nicely illustrates the 
fundamental biological principle of scaling according to size (D’Arcy Wentworth, 1945). In 
biology, scaling describes the ability of an organelle or any cellular component to adjust 
according to changes in cell size (Reber and Goehring, 2015). Adequate scaling events are 
essential for proper cell, organ and consequently organism function (Levy and Heald, 2012). 
This important question of how molecular structures scale with cell size for proper function 
rapidly generated interests in the biological science community. However, the lack of tools to 
precisely measure small structures in the micrometer range of most cells and organelles 
prevented progress in the early days of the scaling field. High-resolution microscopy and other 
imaging techniques, have allowed intracellular scaling to be examined at unprecedented 
resolution (Levy and Heald, 2012; Reber and Goehring, 2015). The following sections 
describe scaling events important for cell division. 
1.3.1 Cell size influences cell division processes including cytokinesis 
Cell size and cytokinesis are intimately related. Several examples illustrate the impact 
of cell size on intracellular structures governing cell division processes. Early observations by 
Schroeder demonstrated scaling of contractile rings filaments in cells of different sizes 
(Schroeder, 1972). Larger amphibian eggs possessed filaments of increased dimensions 
compared to smaller somatic cells (Schroeder, 1972). In addition, other subcellular structures 
are scaled to cell size as it reduces during early embryonic development, as the embryo 
undergoes several rounds of rapid cleavage in the near absence of growth. In both C. elegans 
and Xenopus embryos, the size of the cell influences mitotic spindle length. As cells get 
smaller during rapid cleavages so does the length of the mitotic spindle (Brown et al., 2007; 
Hara and Kimura, 2009; Loughlin et al., 2011). Experiments performed in C. elegans embryos 
showed that both spindle length and the speed of spindle elongation scaled with cell size (Hara 
and Kimura, 2009; Marshall et al., 2012). Elegant work in C. elegans embryos also showed 
that chromosome length scaled with cell size (Ladouceur et al., 2015). Altogether, these 
findings demonstrate that cell size influences the molecular architecture of the cell.  
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Several other examples illustrate the influence cell size has on the proper orchestration 
of cytokinesis events. For instance, my work demonstrated that several aspects of cytokinesis 
scale with cell size (Chapter 3). Using high-resolution microscopy, I characterized cytokinesis 
occurring in the vulval precursor cells (VPCs) of the nematode Caenorhabditis elegans (C. 
elegans). As the VPCs decrease in length from one round of division to the next, we observed 
that the breadth of the contractile ring scaled with cell length (Chapter 3). Quantitative 
assessments of the speed of contractile ring closure in the C. elegans VPCs revealed that it 
scaled with cell circumference and thus cell dimensions (Chapter 3). This observation 
supported previous findings in the C. elegans embryo and filamentous fungi Neurospora 
crassa that illustrated the conserved nature of this property (Calvert et al., 2011; Carvalho et 
al., 2009). This work is described in detail in Chapter 3. An understanding of how both 
cytokinesis and cell size are coordinated and influence each other should reveal general 




2 The events of cytokinesis 
Cytokinesis proceeds by a series of sequential events, each described in the following 
sections. The beginning of cytokinesis is marked by re-organization of the mitotic spindle to 
specify the site of contractile ring assembly. Molecular signals emanating from microtubules 
of the spindle midzone reach the above cortex to promote the recruitment of contractile ring 
components. This event triggers the assembly of a contractile ring beneath the plasma 
membrane and primarily composed of actin filaments, the motor non-muscle myosin II and 
scaffolding proteins including septins and anillin. Molecular motors of the contractile ring 
drive cell shape changes. Membrane ingression proceeds until the midbody remains. The final 
event of cytokinesis is termed abscission and involves midbody severing to physically separate 
the two daughter cells. 
2.1 Division site specification 
The initial event in cytokinesis is the establishment of the division plane. The 
maintenance of genome integrity requires that cell partitioning occurs at a precise location that 
is between segregated chromosome masses. Pioneering work in the cytokinesis field provided 
insights on the molecular structures implicated in this early event of cytokinesis. Later studies 
provided a detailed map of the molecular players involved in the specification of the division 
plane. Lastly, distinct cues provide different contributions to division site establishment 
depending on the organism. 
2.1.1 Cues from the mitotic apparatus 
More than 50 years ago, Ray Rappaport performed several elegant micromanipulation 
experiments that led to the identification of the mitotic spindle as the general structure 
responsible for positioning the cleavage furrow. In a first experiment, Ray pressed a glass rod 
into the middle of a sand dollar egg, such that the first cleavage did not completely divide the 
egg but generated a binucleate doughnut-shaped cell (Rappaport, 1961). During the next 
division, two mitotic spindles juxtaposed to the rod were formed and each induced a cleavage 
furrow (Rappaport, 1961). Surprisingly, an additional furrow appeared between astral 
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microtubules emanating from the two opposing spindles (Rappaport, 1961). This demonstrated 
that the mitotic spindle and its emanating astral microtubules could specify the division plane, 
independently of intervening chromosomes. 
In another experiment, Rappaport deformed echinoderm eggs in a capillary tube. 
Sideways movements of the tube provoked displacement of the mitotic spindle along the 
tubular cell. Cleavage furrow initiation occurred to bisect the spindle (Rappaport, 1985). Upon 
displacement of the spindle, the cleavage furrow regressed from its initial location and 
reformed to bisect the spindle at this new site (Rappaport, 1985). Altogether, Rappaport’s 
observations suggested that the mitotic spindle signals the overlying cortex to specify the 
division plane. The first experiment suggested that the anaphase spindle and not the metaphase 
plate dictated the location of the cleavage furrow. Rappaport’s later experiment illustrated the 
dynamicity of the signal sent by the mitotic spindle. 
Subsequent studies supported Rappaport’s early findings. In another 
micromanipulation experiment, a microneedle was used to create small perforations in 
adherent epithelial cells in culture (Cao and Wang, 1996). When the perforation was made 
adjacent to chromosome masses before anaphase onset, the cell failed to induce a cleavage 
furrow next to the perforation (Cao and Wang, 1996). This result further supports the role of 
the mitotic spindle in specifying the division plane. 
Another group imaged cytokinesis in sea urchin embryos placed in chambers with 
adjustable atmospheric pressure. Increased pressure disrupted the structure of cortical 
cytoskeletal components and prevented astral microtubule elongation resulting in failure of 
cleavage furrow induction (Salmon and Wolniak, 1990). Restoring normal pressure in the 
chamber prior to the second round of division allowed the cell to proceed with the assembly of 
two mitotic spindles and induce four cleavage sites during cytokinesis (Salmon and Wolniak, 
1990). This experiment indicates that astral microtubules play a role in determining the site of 
division. 
Eckley and colleagues performed a similar experiment to that of Salmon and Wolniak 
but in somatic cells. In their experiment, they fused two cells together generating a v-shaped 
cell (Eckley et al., 1997). When dividing, the two mitotic spindles were oriented in a diagonal 
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(v-shape). In most cases, they observed induction of two cleavage furrows adjacent to both 
mitotic spindles (Eckley et al., 1997). However, in rare instances they saw a third furrow 
between microtubule asters of the opposing spindles (Eckley et al., 1997). Thus, in somatic 
cells, the mitotic spindle seems to play a more prominent role in division plane specification. 
These results also support the contribution from astral microtubules in determining the site of 
division. Altogether, these elegant micromanipulation experiments by Rappaport and others 
well illustrate the participation of the mitotic spindle and astral microtubules in establishing 
the site of division. 
2.1.2 Formation of the spindle midzone 
The mitotic spindle elongates during anaphase to pull apart sister chromatids towards 
opposing poles of the cell. Following faithful genome partitioning, re-organization of the 
mitotic spindle occurs. During this critical step, microtubules accumulate between 
chromosome masses to form a cellular structure known as the spindle midzone (Figure 2.1.2). 
The spindle midzone is composed of a bundle of overlapping antiparallel microtubules with 
their plus-ends oriented towards the cell center (Mastronarde et al., 1993). This specific region 
presents a small overlap of microtubules (Hu et al., 2011). The kinesin motor protein KIF4 is 
essential to restrict the microtubule overlap to delimit the division plane (Hu et al., 2011). In 
addition, microtubules of the midzone are much more stable than microtubules emanating 
from the spindle poles (Canman et al., 2003). These stable microtubules deliver signaling 
molecules to the equatorial cortex and membrane via plus-end directed molecular motors 
localized along these microtubules (Foe and von Dassow, 2008; Odell and Foe, 2008). The 
more dynamic astral microtubules near the cell poles act negatively to prevent accumulation of 
signaling molecules that promote contractile ring assembly (Foe and von Dassow, 2008; Odell 
and Foe, 2008). The identification of this specialized structure and its characteristics was key 










Figure 2.1.2 Molecular constituents of the spindle midzone 
The CPC (red), centralspindlin complex (orange), PRC1 (light grey) and KIF4 (brown) are 
recruited on microtubules of the midzone. The centralspindlin complex recruits Ect2 (purple) 
at the equatorial membrane for activation of RhoA (blue). Adapted from (Green et al., 2012). 
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The active participation of the spindle midzone in determining the site of division is 
well established (Cao and Wang, 1996; Foe and von Dassow, 2008; Odell and Foe, 2008; 
Rappaport, 1961; Rappaport, 1985). Several elegant imaging and inhibitory experiments 
performed in different organisms identified the conserved molecules required for spindle 
midzone assembly. Establishment of the spindle midzone requires three major components; 
protein regulating cytokinesis 1 (PRC1), the chromosomal passenger complex (CPC) and the 
centralspindlin complex. Described below are the molecular constituents of each complex that 
form an intricate signaling network that contributes to proper positioning of the cleavage 
furrow. 
 PRC1 directly interacts with microtubules of the midzone and promotes their bundling 
(Figure 2.1.2) (Jiang et al., 1998; Mollinari et al., 2002; Neef et al., 2003). PRC1 also recruits 
the kinesin motor protein KIF4 to the overlapping bundles of microtubules (Bieling et al., 
2010). KIF4 in turn binds to the plus-end of microtubules and inhibits their elongation once 
proper overlap has been achieved (Figure 2.1.2) (Bieling et al., 2010; Hu et al., 2011). Upon 
KIF4 depletion, the spindle midzone over elongates resulting in a broadened zone of division 
place specification (Hu et al., 2011). Thus, PRC1 acts as a cross-linker of midzone 
microtubules, while KIF4 provides negative feedback to inhibit this process upon completion. 
Spindle midzone formation also requires the presence of the Chromosomal Passenger 
Complex. The CPC includes inner centromere protein (INCENP), Aurora B kinase, Survivin 
and Borealin (Earnshaw and Bernat, 1991; Earnshaw and Cooke, 1991). The CPC forms a 
communication bridge between chromosomes and microtubules of the midzone. At anaphase 
onset, the CPC translocates from mitotic chromosomes to microtubules of the spindle (Figure 
2.1.2) (Gruneberg et al., 2004). During animal cytokinesis, the mammalian kinase-like protein 
2 (MKLP2) mediates this process (Gruneberg et al., 2004). Conversely, in C. elegans 
embryos, the localization of the Aurora B orthologue AIR-2 at the spindle midzone is 
dependent on INCENP (ceICP-1) (Kaitna et al., 2000). 
The presence of Aurora B at the spindle midzone is required for proper cytokinesis 
(Terada et al., 1998). Early studies in mammalian cells revealed high levels of multinucleation 
due to cytokinesis failure upon Aurora B overexpression (Terada et al., 1998). C. elegans 
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embryos depleted of Aurora B (ceAIR-2) initiate furrow ingression but the furrow rapidly 
regresses to form a binucleated cell (Kaitna et al., 2000). Similar cytokinesis defects were 
observed following the depletion of INCENP (ceICP-1) (Kaitna et al., 2000). 
Aurora B and INCENP of the CPC participate in signal transmission to the cell cortex 
for division plane establishment (Lewellyn et al., 2011). Early work revealed the presence of 
INCENP and Aurora B at both the spindle midzone and cell cortex at the future site of 
division (Earnshaw and Cooke, 1991). At the spindle midzone, Aurora B promotes the 
recruitment of the centralspindlin complex (Kaitna et al., 2000; Severson et al., 2000). 
The centralspindlin complex is composed of a heterotetramer of two molecules of the 
kinesin-6 motor MKLP1 and two MgcRacGAP/CYK-4 molecules (Figure 2.1.2) (Mishima et 
al., 2002; Pavicic-Kaltenbrunner et al., 2007; Somers and Saint, 2003). Work in C. elegans 
embryos supported the role of Aurora B (ceAIR-2) in recruiting the centralspindlin complex to 
the midzone. Experiments led by Severson showed that AIR-2 interacts with MKLP1 (ceZEN-
4) to promote ZEN-4 localization at the spindle mizdone (Severson et al., 2000). 
The centralspindlin complex is required for proper cytokinesis and contributes to 
midzone microtubule bundling. The activity of the centralspindlin complex is regulated in a 
precise temporal fashion. The master cell cycle regulator, Cdk1-cyclin B, phosphorylates 
MKLP1 (ceZEN-4) and MgcRacGAP/CYK-4 (ceCYK-4) during mitosis (Mishima et al., 
2004). After anaphase onset, MKLP1 (ceZEN-4) dephosphorylation by CDC-14 promotes its 
localization to the spindle midzone and motor activities (Gruneberg et al., 2002; Mishima et 
al., 2004). In addition, work in C. elegans embryos and mammalian cultured cells, has 
demonstrated that MKLP1 (ceZEN-4) alone or together with MgcRacGAP/CYK-4 (CYK-4) 
function to bundle microtubules in vitro (Jantsch-Plunger et al., 2000; Mishima et al., 2002; 
Mishima et al., 2004). Furthermore, C. elegans embryos depleted of both components 
independently exhibited similar cytokinesis defects. During the first cleavage, embryos 
showed furrow initiation and ingression but failed to complete membrane ingression (Powers 
et al., 1998; Raich et al., 1998). Work in mammalian cells also demonstrated the essential role 
of this complex during cytokinesis. HeLa cells overexpressing MgcRacGAP/CYK-4 were for 
the most part multinucleated (Hirose et al., 2001). 
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Another important function of the centralspindlin complex is to recruit the RhoGEF 
Ect2 to the spindle midzone (Figure 2.1.2). Experiments in HeLa cells showed that both 
MKLP1 and CYK-4 are necessary for Ect2 localization at the spindle midzone and equatorial 
cortex (Nishimura and Yonemura, 2006; Yuce et al., 2005). Direct interaction between CYK-4 
and Ect2 was demonstrated in a yeast two-hybrid assay performed in Drosophila S2 cells 
(Somers and Saint, 2003). This interaction was later reported in HeLa cells by co-
immunoprecipitation (Yuce et al., 2005). The interaction between CYK-4 and Ect2 at the 
spindle midzone is cell-cycle dependent requiring Ect2 dephosphorylation after anaphase 
onset (Yuce et al., 2005). This ensures spatiotemporal coordination of division plane 
specification following faithful chromosome segregation. Altogether, these elegant studies in 
various organisms illustrate the importance of the centralspindlin complex in the early events 
of cytokinesis. 
An additional molecular component of the spindle midzone and required for 
cytokinesis is polo-like kinase 1 (PLK1). In Drosophila, polo kinase (plk) associates with the 
MKLP1 fly orthologue Pavarotti (pav) (Adams et al., 1998). This interaction is required for 
the establishment of the cleavage furrow and membrane ingression (Adams et al., 1998). 
Conversely, during mammalian cytokinesis MKLP2 recruits PLK1 to the spindle midzone 
(Neef et al., 2003). The presence of PLK1 at the midzone further enhances the activity of 
MKLP2 (Neef et al., 2003). Thus, the synergistic relationship between PLK1 and MKLP2 is 
important for cytokinesis in mammalian cells. 
In addition to spindle midzone assembly, PLK1 is required for furrowing formation 
(Brennan et al., 2007). The development of PLK1 chemical inhibitors allowed for functional 
characterization of PLK1 during cytokinesis. In mammalian cultured cells, PLK1 inhibition 
resulted in the absence of furrow ingression and prevented anaphase spindle elongation 
(Brennan et al., 2007). Cells treated with PLK1 inhibitors failed to recruit RhoA and its GEF 
Ect2 at the cell equator (Brennan et al., 2007). Furthermore, PLK1 mediates the interaction 
between the centralspindlin complex and Ect2 required for subsequent targeting of Ect2 at the 
cell equator for contractile ring assembly (Kim et al., 2014). These results demonstrate that 
PLK1 coordinates different aspects of cytokinesis. 
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2.1.3 Cell-type specific requirements for division plane establishment 
Even though the molecular machinery operating at the spindle midzone is conserved, 
these components provide different contributions depending on the organism. For instance, 
Drosophila cytokinesis is highly sensitive to the localization of Pavarotti (pav; MKLP1) at the 
spindle midzone. Pav mutant fly embryos showed abnormal spindle midzones and failed to 
establish a cleavage furrow (Adams et al., 1998). Conversely, mammalian cell cytokinesis is 
strongly dependent on MKLP2 function, only found in mammals. MKLP2 depletion leads, in 
most cases, to cytokinesis failure due to a failure in recruitment of Aurora B and PLK1 to the 
spindle midzone (Neef et al., 2003). Altogether, these findings suggest that components of the 
spindle midzone play a prominent role in establishing the site of division in both mammals 
and Drosophila. 
The contribution from molecular players at the spindle midzone differs during C. 
elegans embryonic cleavage. In C. elegans zygotes depleted of the centralspindlin components 
CYK-4 and ZEN-4 independently, the site of cleavage is properly defined and membrane 
ingression proceeds (Jantsch-Plunger et al., 2000; Powers et al., 1998; Raich et al., 1998). 
Micromanipulation experiments showed that ablating part of the spindle midzone did not 
prevent furrowing (Bringmann and Hyman, 2005). In another study, PRC1 (ceSPD-1) 
depletion prevented formation of the spindle midzone but cytokinesis proceeded to completion 
(Verbrugghe and White, 2004). Thus, in C. elegans embryos the spindle midzone is 
dispensable for cleavage plane specification. 
In C. elegans embryos, signals from astral microtubules play a prominent role in 
determining the site of cleavage. In an experiment, Lewellyn and colleagues restricted spindle 
elongation by genetic manipulations and observed an increase in cortical contractility leading 
to the apparition of multiple furrows (Lewellyn et al., 2010). The shorter astral microtubules 
failed to reach the cell cortex to restrict the site of division between segregated chromosome 
masses (Lewellyn et al., 2010). In another study, Zanin and colleagues also demonstrated the 
importance of astral microtubules in restricting signals to the equatorial cortex for division 
plane establishment. Upon nocodazole treatment, HeLa cells showed hypercontractility at the 
poles of the cell and a broadening of RhoA accumulation at the equatorial cortex (Zanin et al., 
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2013). In sum, these results support the role of astral microtubules in restricting molecular 
components required for furrowing at the equatorial cortex. 
A different scenario was observed in Drosophila neuroblasts depleted of centrioles, 
where astral microtubules emanate. In most cases, cells without centrioles were able to 
assemble a functional contractile ring and complete cytokinesis (Basto et al., 2006). This 
indicates that in flies, astral microtubules are dispensable for establishing the division site and 
for proper execution of cytokinesis (Basto et al., 2006). Altogether, these findings demonstrate 
that astral microtubules and the spindle midzone make different contributions to specify the 
site of furrowing, depending on the organism. 
2.1.4 Ect2-dependent RhoA activation at the equatorial cortex 
Once the site of division has been determined, the information is relayed to the 
equatorial cortex. A central player during cytokinesis and enriched at the equatorial cortex is 
the GTPase RhoA (Figure 2.1.2). Yüce and colleagues used florescent imaging to show that 
RhoA localizes at the equatorial cortex and is enriched throughout furrow ingression (Yuce et 
al., 2005). RhoA enrichment at the cell equator is essential for the cell to proceed with later 
events of cytokinesis in all systems studied. For instance, RhoA inhibition by either the C3 
enzyme or its inhibitory protein RhoGDI prevented furrow formation in Xenopus embryos 
(Kishi et al., 1993). C. elegans embryos depleted of RhoA also failed to assemble a contractile 
ring (Jantsch-Plunger et al., 2000). In human cells, RhoA depletion by RNA interference 
(RNAi) prevented furrow ingression (Yuce et al., 2005). These studies illustrate the conserved 
nature of RhoA and its crucial role in cytokinetic furrow formation. 
RhoA is activated by the exchange of GDP to GTP mediated by the RhoGEF Ect2 
(Figure 2.1.2) (Prokopenko et al., 1999; Tatsumoto et al., 1999; Yuce et al., 2005). The first 
evidence that Ect2 promoted RhoA activity came from work in Drosophila, where it was 
demonstrated that Rho1 (RhoA) interacts with Pebble (Drosophila Ect2) in vivo (Prokopenko 
et al., 1999). The Rho1 and Pebble interaction was observed in a yeast two-hybrid experiment 
(Prokopenko et al., 1999). In addition, both proteins localized at the ingressing furrow and 
Rho1 mutant flies presented binucleated cells resulting from cytokinesis failure (Prokopenko 
et al., 1999). In mammalian cells, expression of a dominant negative form of Ect2 resulted in 
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cytokinesis failure (Tatsumoto et al., 1999). HeLa cells depleted of Ect2 failed to present 
RhoA enrichment at the equatorial cortex (Yuce et al., 2005). These studies supported the role 
of Ect2 in promoting local RhoA activation. 
Other studies were directed at the identification of the GAP protein responsible for 
RhoA inactivation. Minoshima and colleagues first demonstrated that MgcRacGAP/CYK-4 
processed a GAP activity towards RhoA (Minoshima et al., 2003). This group showed that 
Aurora B phosphorylated MgcRacGAP/CYK-4 in vitro and this event stimulated the 
inactivating GAP activity of MgcRacGAP/CYK-4 towards RhoA (Minoshima et al., 2003). In 
a later study, Miller and coworkers demonstrated the importance of the GAP activity of 
MgcRacGAP/CYK-4 for RhoA enrichment during cytokinesis. Xenopus laevis embryos 
injected with MgcRacGAP/CYK-4 harboring defective GAP domains showed a broadening of 
RhoA enrichment at the equatorial cortex (Miller and Bement, 2009). Completely removing 
the GAP domain of MgcRacGAP/CYK-4 led to broader RhoA enrichment accompanied by 
furrow oscillation causing cytokinesis failure (Miller and Bement, 2009). These results 
supported the Rho GTPase flux model. This model proposes that a constant flux of RhoA 
activation by its GEF Ect2 and inactivation by the GAP domain of MgcRacGAP/CYK-4 is 
required for proper enrichment of RhoA at the equatorial cortex and the subsequent stages of 
cytokinesis (Miller and Bement, 2009). 
Work in C. elegans zygotes and human cells illustrated variations to this model. The 
identification of MP-GAP (ceRGA-3 and ceRGA-4) as a GAP acting to inactivate RhoA 
included a new molecular regulator of RhoA activity (Zanin et al., 2013). Unlike 
MgcRacGAP/CYK-4, MP-GAP depletion caused cortical hypercontractility but did not lead to 
a broadening of the RhoA zone at the equatorial cortex (Zanin et al., 2013). Only when astral 
microtubule function was abolished by nocodazole treatment did MP-GAP participate in 
restricting RhoA enrichment at the cell equator (Zanin et al., 2013). Therefore, MP-GAP also 
contributes to the RhoA GTPase flux model and acts as a fail-safe mechanism for proper 
RhoA enrichment at the equatorial cortex. 
Molecular regulators at the spindle midzone also contribute to local RhoA enrichment. 
MKLP1, member of the centralspindlin complex, participates in restricting RhoA enrichment 
at the cell equator (Yuce et al., 2005). In HeLa cells, MKLP1 depletion results in broadening 
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of the RhoA zone at the cell equator. This group also showed that depleting 
MgcRacGAP/CYK-4 prevented RhoA enrichment at the cell equator altogether (Yuce et al., 
2005). In addition, Aurora B was recently implicated in RhoA recruitment at the furrowing 
site, since it promotes centralspindlin localization at the equatorial membrane, a requirement 
for the activation of RhoA (Basant et al., 2015). Aurora B and the centralspindlin complex 
contribute to RhoA enrichment at the site of contractile ring assembly. 
Bement and colleagues showed that the breadth of the RhoA zone at the cell equator 
scaled with diameter of both urchin and frog embryos (Bement et al., 2005). They also showed 
that local RhoA enrichment preceded the recruitment of contractile ring components (Bement 
et al., 2005). Later work revealed the important role of RhoA in targeting several downstream 
effectors required for contractile ring assembly (Su et al., 2011). Thus, the breadth of RhoA 
enrichment at the equatorial cortex is important for subsequent assembly of a contractile ring 
scaling with cell size. The work presented in Chapter 3 will address this property of the 
contractile ring (Bourdages et al., 2014). 
2.2 Contractile ring assembly 
In the next stage of cytokinesis, structural components are recruited to the equatorial 
cortex and assemble to form a contractile ring (Figure 2.2.1A). In the following section, 
principal constituents of the contractile ring are described along with their requirements for 
contractile ring assembly. The contractile ring is a robust yet dynamic structure that constricts 
to mechanically separate a cell into two. How this is achieved will be addressed in a later 
section. Finally, high-temporal resolution of contractile rings revealed an interesting property 
of contractile ring closure. Across metazoans, the contractile ring closes asymmetrically as 
will be discussed in the ending section. 
2.2.1 Structural components of the contractile ring 
Structural analysis of contractile rings began with the advent of electron and 
fluorescence microscopy techniques. Early observations uncovered the invariable nature of the 
basic architecture of contractile rings (Schroeder, 1970; Schroeder, 1972). The contractile ring 
assembles beneath the plasma membrane as a very thin layer (0.1-0.2 µm) as measured by 
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electron microscopy (Schroeder, 1972). In general, contractile rings are 5-10 µm wide once 
assembled and when viewed in two dimensions (Schroeder, 1972). 
Actin filaments (F-actin) and non-muscle myosin II are the major constituents of 
contractile rings (Figure 2.2.1B). F-actin and non-muscle myosin II present in contractile rings 
assemble as mini-filaments (Figure 2.2.1B) (Cao and Wang, 1990; Otto and Schroeder, 1990; 
Sanger and Sanger, 1980; Zhou and Wang, 2008). Upon contractile ring assembly, F-actin and 
non-muscle myosin II overlap at the equatorial cortex where they assemble into a ring and 
remain enriched throughout constriction (Cao and Wang, 1990; Otto and Schroeder, 1990; 
Zhou and Wang, 2008). Actin microfilaments of different orientations form bundles arranged 
circumferentially beneath the plasma membrane (Kamasaki et al., 2007; Mabuchi et al., 1988). 
Imaging adherent cells beneath the surface revealed the presence of myosin II mini-filaments 
accompanying F-actin (Zhou and Wang, 2008). 
Actin filaments and non-muscle myosin II are the molecular drivers of contractile ring 
ingression, further described in a later section. When cells are treated with actin or myosin 
inhibitors, such as cytochalasin B or blebbistatin, contractile ring constriction is completely 
blocked (Mabuchi et al., 1988). Thus, actin and non-muscle myosin II mini-filaments 
assemble into a ring around the cell equator that constricts to physically partition the mother 










Figure 2.2.1 Structural components of the contractile ring 
(A) Schematic representing contractile ring constriction over time. (B) Magnified view on the 
contractile ring in A, depicting the principal structural components, non-muscle myosin II 




2.2.2 Molecular constituents required for contractile ring assembly 
Additional components have been implicated in contractile ring assembly and ensure 
proper spatiotemporal coordination of contractile ring closure. As previously mentioned, 
activated RhoA at the equatorial cortex targets several effectors necessary for contractile ring 
assembly (Su et al., 2011). This includes formins that bind to GTP-bound RhoA and promote 
the assembly of actin filaments (Piekny et al., 2005). Formins drive actin nucleation and 
polymerization to generate actin filaments (Piekny et al., 2005). This process is also mediated 
by profilin, that binds to G-actin monomers and facilitates nucleation and polymerization by 
formins (Piekny et al., 2005). 
Contractile ring assembly also requires the activation of the motor protein non-muscle 
myosin II. The RhoA effector Rho-dependent kinase (ROCK) is the primary kinase 
responsible for myosin II activation. ROCK phosphorylates the regulatory light chain (rMLC) 
of myosin II and promotes the assembly of myosin filaments (Kosako et al., 2000). ROCK 
also stimulates the inhibition of myosin phosphatases to prevent myosin II inactivation 
(Piekny et al., 2005). Upon ROCK inhibition cleavage furrow ingression is delayed (Kosako et 
al., 2000). This illustrates the importance of ROCK-dependent myosin II activation in the 
temporal control of cytokinesis. Other kinases, including Citron-kinase, are known to be 
implicated in myosin II activation (Yamashiro et al., 2003), but their contributions to 
cytokinesis are less well defined. 
Another molecular constituent of the contractile ring is septin (Figure 2.2.1B). 
Mammalian septin complexes were found to co-localize with actin filaments and contribute to 
their bundling in vitro (Kinoshita et al., 2002). A later study confirmed the bundling activity of 
septins towards F-actin in Drosophila embryo furrow canals (Mavrakis et al., 2014). In 
addition, Drosophila septin (Peanut) was able to induce curvature of actin filament bundles 
(Mavrakis et al., 2014). Septin also interacts with lipids of the plasma membrane, suggesting 
that it plays a role in linking the underlying actin cytoskeleton to the membrane during 
cytokinesis (Tanaka-Takiguchi et al., 2009). A further role for septin and specific to C. 
elegans embryos is to promote asymmetric ingression of the contractile ring together with 
Anillin, as further described in a later section (Maddox et al., 2007). In sum, the recruitment of 
septins is required for proper contractile ring assembly. 
 
 24 
2.2.3 The scaffolding protein Anillin 
Anillin is a key structural component of the contractile ring. It functions as a 
scaffolding protein of contractile rings assembled during cytokinesis. Anillin is a multi-
domain protein that binds several structural components of the cortical cytoskeleton, including 
actin filaments, myosin II and septin amongst others (Figure 2.2.1B) (Piekny and Maddox, 
2010; Zhang and Maddox, 2010). Thus, Anillin serves diverse functions required for the 
proper spatiotemporal coordination of contractile ring closure. Characterization studies of 
Anillin across eukaryotes revealed its conserved nature (Field and Alberts, 1995; Field et al., 
2005; Maddox et al., 2007; Oegema et al., 2000; Straight et al., 2005; Sun et al., 2015). In the 
following section, the numerous activities of Anillin during cytokinesis are addressed in detail. 
Anillin was first isolated from Drosophila embryo extracts (Field and Alberts, 1995). 
Early work with Drosophila provided important insights into the function of Anillin during 
cytokinesis. In vitro, Anillin was identified as an actin filament binding protein and a minimal 
domain of it was subsequently shown to be sufficient to bundle F-actin (Field and Alberts, 
1995). In vivo studies showed that Anillin localized to contractile structures, including the 
contractile ring of Drosophila cultured cells and furrow canals (Field and Alberts, 1995; Field 
et al., 2005). Anillin co-localized with actin, myosin II and septin of Drosophila contractile 
furrow canals (Field et al., 2005). This work with Drosophila laid the foundation for 
functional characterization studies of Anillin. 
Later work in mammalian cells supported the idea of a conserved role for Anillin 
during cytokinesis. Oegema and colleagues observed translocation of human Anillin from the 
nucleus in interphase to the contractile ring of dividing HeLa cells (Oegema et al., 2000). 
Functional analysis of the Anillin protein revealed its large multi-domain identity. The C-
terminal region of Anillin comprises an Anillin Homology (AH) domain and a PH domain 
(Piekny and Maddox, 2010). Anillin recruits septins to the contractile ring via its PH domain 
(D'Avino et al., 2008; Hickson and O'Farrell, 2008; Oegema et al., 2000). Additional studies 
showed that Anillin interacted with PIP2 component of the plasma membrane via its PH 
domain (Liu et al., 2012; Sun et al., 2015). In mammalian cells, this interaction is required for 
the recruitment of Anillin to the contractile ring (Liu et al., 2012). This was previously 
demonstrated by introducing mutations in the PH domain of Anillin that resulted in failure to 
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recruit Anillin to the contractile ring (Oegema et al., 2000). These studies also suggested that 
Anillin provided a link between the plasma membrane and the underlying furrow (Liu et al., 
2012). 
Mechanistic insights regarding the recruitment of Anillin to the division plane were 
obtained via the expression of tagged truncations in mammalian cultured cells (Piekny and 
Glotzer, 2008). In this elegant study in mammalian cells, Anillin was depleted by RNAi and 
various Anillin constructs harboring different domain truncations and tagged with the green 
fluorescent protein (GFP) were re-introduced in the cell (Piekny and Glotzer, 2008). 
Truncation of the PH domain prevented Anillin enrichment at the contractile ring as 
previously demonstrated. Cytokinesis failure was observed upon truncation of both the actin 
and myosin II binding domains located at the N-terminal region of the protein. Finally, 
removal of the AH domain caused defects during furrow ingression, as Anillin translocated at 
the cell poles leading to furrow oscillation (Piekny and Glotzer, 2008). Furthermore, the 
authors observed the co-localization of Anillin and RhoA at the cytokinetic furrow (Piekny 
and Glotzer, 2008). These proteins interacted in vitro via Anillin’s AH domain. Cells depleted 
of either RhoA or its GEF activator Ect2 failed to accumulate Anillin at the equatorial cortex 
(Hickson and O'Farrell, 2008; Piekny and Glotzer, 2008). Thus, RhoA is responsible for 
recruiting Anillin to the equatorial cortex and the PH domain of Anillin is essential for its 
enrichment at the contractile ring (Hickson and O'Farrell, 2008; Piekny and Glotzer, 2008). 
Anillin possesses additional interacting partners during cytokinesis suggesting that it 
serves other activities. However, it is important to note that these interactions are not as well 
characterized. Anilin interacts with the F-actin polymerization protein formin (Watanabe et al., 
2010). Anillin participates in the recruitment of formin to the equatorial cortex required for 
actin nucleation and polymerization (Watanabe et al., 2010). In Drosophila Anillin directly 
interacts with the centralspindlin complex component CYK-4 (Drosophila RacGAP50C) 
suggesting a role for Anillin in division plane establishment (D'Avino et al., 2008; Hickson 
and O'Farrell, 2008). Thus, Anillin performs numerous activities during cytokinesis. 
Anillin is an essential structural component of the contractile ring ensuring proper 
contractile ring closure. As previously mentioned, truncations of either the myosin II or the 
actin-binding domain of Anillin results in furrow oscillation and contractility at the poles, 
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causing cytokinesis failure in most cases (Kechad et al., 2012; Piekny and Glotzer, 2008). The 
phenotype of lateral furrow oscillation was also reported in Drosophila and human cultured 
cells depleted of Anillin (Hickson and O'Farrell, 2008; Kechad et al., 2012; Straight et al., 
2005). In mammalian cells, Anillin inhibition following injection with an anti-anillin antibody 
leads to slower contractile ring closure (Oegema et al., 2000). Subsequent studies in 
Drosophila epithelial cells also reported slower constriction upon Anillin and septin depletion 
(Guillot and Lecuit, 2013). Altogether, these studies illustrate the crucial role of Anillin during 
cytokinesis. 
Anillin remains enriched at the contractile ring during the late stage of ring 
constriction. At this stage, the contractile ring transition into the midbody ring (Kechad et al., 
2012). Anillin provides structural stability of the midbody ring for subsequent abscission 
(Kechad et al., 2012). Anillin also localizes at contractile rings assembled during polar body 
cytokinesis occurring during meiotic division (Dorn et al., 2010). Anillin contributes to the 
maintenance of the structural architecture of polar body cytokinetic rings by linking 
cytoskeletal components to the plasma membrane (Dorn et al., 2010). Thus, Anillin act as a 
scaffold for all cytokinetic rings. 
2.3 The mechanics of contractile ring closure 
The actomyosin ring assembled at the cell equator generates enough force to drive 
membrane ingression. How this occurs mechanistically generated a lot of interest in both the 
biology and physics field. While several groups investigated the general mechanism of ring 
constriction, others focused their work on the physical and mechanical properties of 
contractile ring components. Even though the mechanism driving contractile ring closure is 
not fully understood, several important features of constriction were identified. Interestingly, 
several studies revealed that several aspects of the actomyosin ring scaled with cell size. These 
findings are the major focus of this section. 
A study combining biological experiments in budding yeasts and theoretical modeling 
revealed the importance of F-actin depolymerization during constriction (Mendes Pinto et al., 
2012). Blocking actin depolymerization by either a small molecule (jasplakinolid) or mutation 
of cofilin (actin severing and depolymerizing component) slowed constriction (Mendes Pinto 
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et al., 2012). Yeast cells expressing myosin II deleted of its motor domain also exhibited 
slower constriction rates, suggesting that the motor activity of myosin II contributes to F-actin 
polymerization (Mendes Pinto et al., 2012). In addition, their model proposed that constriction 
driven by actin filaments depolymerization involved cross-linking of components of the 
contractile ring, such as Anillin and septins (Mendes Pinto et al., 2012). 
Additional studies provided evidences of the occurrence of cytoskeleton components 
cross-linking promoting actomyosin filaments sliding during constriction. The mathematical 
model of Carlsson included cross-linking of actin filaments for the generation of contractile 
ring contractions (Carlsson, 2006). The contribution from cross-linking of the structural 
components of contractile rings was demonstrated in a recent study with C. elegans zygotes 
(Descovich et al., 2016). This study revealed that the level of cross-linking in the contractile 
ring is finely tuned. RNAi-based depletions at intermediate levels of either the Anillin protein 
(ANI-1 in C. elegans) or NMY-II (non-muscle myosin II) led to an increase in furrowing 
speed compared to control embryos (Descovich et al., 2016). These results suggested that 
intermediate levels of cytoskeletal components cross-linking were needed for optimal 
furrowing (Descovich et al., 2016). In addition, they showed that the motor, non-muscle 
myosin II, and cross-linkers, including septins and Anillin, both drove constriction but also 
acted as brakes ensuring proper kinetics of contractile ring closure (Descovich et al., 2016). 
Thus, Descovich et al, demonstrated that a balance between motor activity and cross-linking 
of contractile ring components was required for optimal contractile ring dynamics (Descovich 
et al., 2016). 
Actomyosin filament sliding has been proposed to drive contractile ring closure (Dorn 
et al., 2016; Mendes Pinto et al., 2012). Dorn and colleagues developed a mathematical model 
that accurately recapitulated F-actin sliding powered by non-muscle myosin II motor activity 
(Dorn et al., 2016). In addition, this model described the positive feedback occurring between 
the initial membrane curvature, actin filaments alignment in the contractile ring and the 
contractile force generated to drive constriction over time (Dorn et al., 2016). This study 
provided important insights onto the mechanics of contractile ring closure. 
Work with C. elegans embryos revealed an interesting property of contractile ring 
closure. Carvalho and colleagues first illustrated the scalable nature of the rate of contractile 
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ring closure (Carvalho et al., 2009)). They observed that contractile rings of different initial 
diameters during rapid embryonic cleavages took the same total amount of time to bring about 
contractile ring closure (Carvalho et al., 2009). This led the authors to propose a model 
whereby a series of contractile units are incorporated into the ring at the time of contractile 
ring assembly. These units are of fixed size, which means that larger cells are composed of 
more of these units compared to smaller cells. During constriction, these units shorten causing 
larger rings to constrict at a faster but constant rate since they possess more units. Conversely, 
smaller cells possess fewer units and thus constrict at a slower rate making the duration of ring 
closure independent of initial cell size (Carvalho et al., 2009). The nature of these units 
corresponded to contractile ring components, primarily actin and myosin II filaments. 
However, the mechanism of contractile unit shortening was not addressed per se. This study 
provided the first evidence that the mechanics of contractile ring closure were influenced by 
cell size. 
Different scaling properties of the contractile ring were observed in the filamentous 
fungi Neurospora crassa. This study proposed that contractile rings generated sufficient force 
by rapid actin and myosin II turnover (Calvert et al., 2011). Interestingly, this work presented 
evidences of a size-dependent force that drives cell shape changes in hyphae of different 
diameters, supporting previous observations by Carvalho and colleagues (Calvert et al., 2011). 
Altogether, these findings suggested that contractile rings possessed a conserved property that 
rendered the time required for ring closure independent of initial size with differences in the 
mechanics of contractile ring ingression depending on the organism. 
2.3.1 Asymmetric cytokinesis 
There is an important distinction to be made between asymmetric cellular division and 
asymmetric cytokinesis. Asymmetric cell division refers to cells that divide to produce 
daughter cells of unequal fates and/or sizes, such as the first mitotic division of C. elegans 
embryos, the extrusion of small polar bodies from large oocytes, and stem cell divisions. 
Conversely, asymmetric cytokinesis refers to the geometry of the contractile ring within the 
division plane, specifically that contractile ring ingression is dominant in one direction 
resulting in off-center placement of the midbody. Careful monitoring of contractile ring 
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ingression over time revealed the conserved nature of this property across metazoans (Dorn et 
al., 2016). 
Mammalian MDCK epithelial cells in culture undergo asymmetric furrowing (Reinsch 
and Karsenti, 1994). Reinsch and Karsenti observed contractile ring ingression biased towards 
the apical junctions of these epithelial cells (Reinsch and Karsenti, 1994). Nonconcentric 
(asymmetric) furrowing was also observed in several other epithelial tissues including mouse 
intestinal epithelial cells (Fleming et al., 2007), neural progenitor cells of the retina in 
zebrafish (Das et al., 2003), and in the chick neuroepithelium (Dubreuil et al., 2007). 
The mechanism underlying this property of contractile rings has been very little 
studied. Insights were gained from elegant work with C. elegans embryos (Maddox et al., 
2007). As previously mentioned, contractile ring closure is asymmetric during embryonic 
cleavage of C. elegans zygotes (Dorn et al., 2016; Maddox et al., 2007). Anillin and septins 
were found to be required for nonconcentric contractile ring closure of the zygote (Maddox et 
al., 2007). Embryos depleted of either Anillin or septins underwent symmetric contractile ring 
closure (Maddox et al., 2007). Imaging of fluorescently labeled Anillin (ANI-1) and septins 
(UNC-59 and UNC-61) confirmed their localization at the leading edge of the ingressing 
furrow (Maddox et al., 2007). In addition, structural components of the contractile ring, 
including non-muscle myosin II, Anillin and septins, were asymmetrically distributed in the 
closing ring (Maddox et al., 2007). The authors observed increased expression of these 
components on the side of the contractile ring with the greatest impression, consistent with 
asymmetric contraction of the ring (Maddox et al., 2007). These results led the authors to 
propose that in isolated systems asymmetric furrowing confers robustness to the contractile 
ring confronted with mechanical challenges (Maddox et al., 2007). Maddox and colleagues 
forced symmetric contractile ring closure by depleting septins and reduced ring contraction by 
depletion of Rho-kinase, an activator of non-muscle myosin II (Maddox et al., 2007). This 
resulted in approximately 60% cytokinesis failure supporting the idea of reduced robustness of 
the contractile ring under these conditions (Maddox et al., 2007). The theoretical model 
proposed by Dorn et al, supported the idea that asymmetric cytokinesis makes contractile ring 
closure more robust (Dorn et al., 2016). 
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Contractile ring closure in epithelial cells is polarized, occurring towards the apical 
domain of the epithelium (Dubreuil et al., 2007; Fleming et al., 2007; Reinsch and Karsenti, 
1994). Work with Drosophila epithelial cells demonstrated that asymmetric contractile ring 
closure is dictated by the mechanical properties of apical junctions, further discussed in the 
following section (Guillot and Lecuit, 2013). 
2.4 Mechanistic insights into cytokinesis in epithelial cells 
Most of the current knowledge of the different events of cytokinesis comes from 
studies in isolated cells, including zygotes, yeasts, and mammalian cultured cells. For years, a 
large void remained in the cytokinesis field regarding the mechanics of cytokinesis occurring 
in multicellular tissues. Epithelial cells present different characteristics since they are 
interconnected to one-another and confined in a tissue. Epithelial cells must maintain tissue 
integrity during the dramatic cell shape changes of cytokinesis. In the following sections, the 
progress made in characterizing the mechanisms governing cytokinesis in epithelial cells 
within intact tissues will be reviewed. 
2.4.1 Molecular composition of intercellular junctions 
Animal tissues are composed of epithelial cells that perform specialized functions. 
These cells act as a barrier against the surrounding environment and delimit distinct tissues. 
Epithelial cells are mechanically coupled with one another and are polarized. Cell polarity is 
reflected by differences in cell shape, asymmetric distribution of molecular constituents and 
by the orientation and alignment of the underlying cytoskeleton (Knust and Bossinger, 2002). 
The plasma membrane comprises an apical surface facing the outside environment or a lumen 
and a basolateral domain in contact with neighboring cells or the basal substratum (Knust and 
Bossinger, 2002). 
The mechanical and biochemical barrier functions of epithelia require that the cells are 
connected by intercellular adhesions. A high degree of similarity in the structural constituents 
of intercellular junctions is observed between species (Knust and Bossinger, 2002; Takeichi, 
2011). Across metazoans, epithelial cells are interconnected via adherens junctions, composed 
of apically localized protein complexes (Takeichi, 2011). Adherens junctions establish 
 
 31 
adhesion via the core transmembrane protein E-cadherin, cytoplasmic components beta-
catenin and alpha-catenin, and the actomyosin cytoskeleton (Baum and Georgiou, 2011; 
Takeichi, 2011). 
Even though the basic architecture of apical junctions is conserved, additional domains 
have evolved. Vertebrate epithelial cells possess tight junctions (TJs), a specialized domain 
located apical to adherens junctions (Knust and Bossinger, 2002). Similarly, Drosophila 
epithelial cells have septate junctions (SJs) located on the basolateral membrane (Knust and 
Bossinger, 2002). Both TJs and SJs function as barriers between adjacent cells and mediate 
cellular exchanges ensuring tissue homeostasis (Knust and Bossinger, 2002). 
2.4.2 The C. elegans apical junctions 
The structural organization of the different components of intercellular junctions 
differs in C. elegans. Apical junctions are present as a single electron dense structure 
composed of three different domains (Lynch and Hardin, 2009). This structure is referred to as 
the C. elegans apical junctions (CeAJs). In C. elegans epithelial cells, adherens junctions are 
located at the apical most part of the CeAJs. Adherens junctions include the conserved 
components E-cadherin (HMR-1), beta-catenin (HMP-2) and alpha-catenin (HMP-1). These 
components were identified in a genetic screen for C. elegans embryos with morphological 
defects (Costa et al., 1998). These mutants were described based on their phenotype from the 
screens, namely Hammerhead (hmr) for defects in worm elongation and failure of the 
epidermis to enclose the entire body of the developing worm, shaped as a hammer in the 
eggshell (Costa et al., 1998). Humpback (hmp) describes body elongation defects resulting in 
large bulges on the newly hatched worm (Costa et al., 1998). Unlike in vertebrates and 
Drosophila, adherens junctions are dispensable for intercellular adhesions in the worm (Costa 
et al., 1998). Interestingly, a null mutation either in hmr-1, hmp-2 or hmp-1 alone resulted in 
mild intercellular adhesion defects (Costa et al., 1998). 
Thus, CeAJs of the worm include other constituents that redundantly contribute to the 
maintenance of intercellular adhesion. Located basal to the cadherin and catenins are the 
Apical Junction Molecule (AJM-1) and Discs Large (DLG-1) proteins, together referred to as 
the DLG-1/AJM-1 complex (Koppen et al., 2001). Altogether, both the cadherin-catenin and 
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DLG-1/AJM-1 complexes contribute to intercellular adhesion in C. elegans epithelial cells of 
the developing worm (Costa et al., 1998; Koppen et al., 2001). 
2.4.3 The mechanics of cytokinesis in Drosophila epithelia 
As previously mentioned, the stability and persistence of adherens junctions is required 
for the maintenance of epithelial integrity (Baum and Georgiou, 2011). Importantly, adherens 
junctions are remodeled during tissue morphogenesis and cell division (Cavey and Lecuit, 
2009). This poses a challenge for dividing cells that must concomitantly preserve intercellular 
integrity while they undergo dramatic cell shape changes. Recent studies in Drosophila 
epithelial tissues addressed the mechanism cells employ to face this challenge. Elegant work 
by several groups provided the first mechanistic insights of cytokinesis occurring in living 
epithelial cells of Drosophila. Findings from the groups of Bellaiche, Le Borgne, and Lecuit 
were summarized in a short preview of my own published work in collaboration with my 
supervisor (Bourdages and Maddox, 2013). 
The authors used the dorsal thorax epithelium and the embryonic epithelium of 
Drosophila as models to elucidate the requirements for cytokinesis in epithelial cells 
(Founounou et al., 2013; Guillot and Lecuit, 2013; Herszterg et al., 2013a). They first noticed 
that as cells divided in the plane of these epithelia, the contractile ring closed asymmetrically 
towards the apical membrane of the cell, as previously observed in other epithelia (Dubreuil et 
al., 2007; Fleming et al., 2007; Founounou et al., 2013; Guillot and Lecuit, 2013; Herszterg et 
al., 2013a; Reinsch and Karsenti, 1994). A little after these studies were published, 
asymmetric contractile ring closure towards apical junctions was also reported in Drosophila 
follicular cells (Morais-de-Sa and Sunkel, 2013). 
As previously mentioned, during embryonic C. elegans cytokinesis, Anillin and the 
septins dictate the asymmetry of contractile ring closure in this cell-autonomous context 
(Maddox et al., 2007). Thus, the authors investigated the roles of these conserved structural 
components of the contractile ring in the Drosophila epithelia (Founounou et al., 2013; Guillot 
and Lecuit, 2013; Morais-de-Sa and Sunkel, 2013a). Interestingly, they found that these 
proteins were not required for asymmetric furrowing in epithelial cells (Founounou et al., 
2013; Guillot and Lecuit, 2013; Morais-de-Sa and Sunkel, 2013a). Instead, Anillin and septins 
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are required for the normal rate of ring closure in the embryonic and pupal epithelia 
(Founounou et al., 2013; Guillot and Lecuit, 2013). 
Next, these groups investigated the contribution from adherens junctions to cytokinesis 
in Drosophila epithelia (Founounou et al., 2013; Guillot and Lecuit, 2013; Herszterg et al., 
2013a; Morais-de-Sa and Sunkel, 2013a). Prior to their work, Baker and Garrod presented 
evidence that adherens junctions were maintained throughout cell division (Baker and Garrod, 
1993). However, the recent Drosophila studies showed that this was not always the case. 
Imaging of fluorescently-labeled components of adherens junctions revealed that apical 
junctions disengaged from the contractile ring in embryonic epithelial cells (Guillot and 
Lecuit, 2013). In the dorsal thorax epithelium, adherens junctions were significantly reduced 
during furrow ingression (Founounou et al., 2013; Guillot and Lecuit, 2013; Herszterg et al., 
2013a). Electron microscopy revealed that adherens junctions in follicular epithelial cells only 
disengaged from the contractile ring on of side of the cell in most cases (Morais-de-Sa and 
Sunkel, 2013a). These findings suggested that adherens junctions play a prominent role during 
cytokinesis in epithelial cells. 
Following these observations, the authors proposed that “adhesion disengagement” was 
required to reduce tension at intercellular junctions allowing increased tension in the 
contractile ring for proper constriction (Founounou et al., 2013; Guillot and Lecuit, 2013). 
Indeed, E-cadherin overexpression caused strengthening of apical junctions and delayed 
junction detachment from the ring in Drosophila embryonic cells (Guillot and Lecuit, 2013). 
In addition, reducing tension on the dividing cell by laser ablation of neighbor cell junctions 
prevented the occurrence of adhesion disengagement (Guillot and Lecuit, 2013). On the 
contrary, weakening of the contractile ring by removal of septins or Anillin extended the time 
required for junction detachment to occur (Founounou et al., 2013; Guillot and Lecuit, 2013). 
These studies led to the conclusion that cytokinesis in epithelial is achieved by tension in the 
contractile ring exceeding that at apical junctions. For this to occur, tension at adherens 
junctions is reduced by either disengagement from the contractile ring on both sides or on a 
single side of the dividing cell or reduced expression of adherens junction components 




Interestingly, a recent study with Xenopus epithelial cells reported the occurrence of 
different mechanics at intercellular junctions of dividing cells. Higashi and colleagues 
observed that in Xenopus epithelial cells the architecture of intercellular junctions remained 
intact throughout cytokinesis (Higashi et al., 2016). A fluorescent dye injected into dividing 
epithelial did not permeate the leading edge of adherens junctions as they were remodeled 
during cytokinesis suggesting that intercellular junctions were maintained throughout division 
(Higashi et al., 2016). In addition, the authors observed that adherens junctions juxtaposed to 
the contractile ring were more stable, illustrated by the reduced recovery of fluorescence 
following FRAP at this location (Higashi et al., 2016). This result suggested that the dividing 
cell increased tension at adherens junctions, instead of reducing it as in Drosophila epithelial 
cells (Higashi et al., 2016). The mechanical requirements for cytokinesis in epithelial cells 
thus appear to vary between organisms. 
The work of several independent groups has elegantly shown that intercellular 
junctions are remodeled during cytokinesis (Founounou et al., 2013; Guillot and Lecuit, 2013; 
Herszterg et al., 2013a; Higashi et al., 2016; Morais-de-Sa and Sunkel, 2013a). Regardless of 
the status of adherens junctions juxtaposed to the contractile ring, forces are balanced during 
cytokinesis to maintain tissue integrity (Founounou et al., 2013; Guillot and Lecuit, 2013; 
Herszterg et al., 2013a; Higashi et al., 2016; Morais-de-Sa and Sunkel, 2013a). These studies 
provided important insights into the mechanics of contractile ring closure in epithelial cells of 
tissues compared to isolated cells. Whether these properties of cytokinesis in epithelial cells 
are conserved across metazoans remains to be addressed. 
2.5 The C. elegans vulva as a model epithelium to study 
cytokinesis 
Epithelial cells of the C. elegans vulva present an interesting model to further 
characterize cytokinesis occurring in the context of a living epithelium. In this section, I 
describe the C. elegans model, the advantages it confers and the seminal discoveries made 
using this organism. 
 
 35 
2.5.1 The model organism C. elegans 
The establishment of C. elegans as a mainstay model organism by Sydney Brenner 
occurred over fifty years ago (Brenner, 1973). Brenner originally selected C. elegans for 
biological research mainly for its ease of manipulation to study developmental processes and 
neuronal biology (Brenner, 1973). Over the years, C. elegans has been established as a 
powerful model organism and led to many groundbreaking discoveries in various fields. 
C. elegans is a free-living worm found worldwide mostly in compost, rotten fruits and 
plants stems (Blaxter and Denver, 2012; Felix and Duveau, 2012). C. elegans grown in 
laboratory settings feed on the bacteria Escherichia coli (E. coli) (Bourdages et al., 2014). 
Worms can be maintained at temperatures ranging from 12 to 25°C (Corsi et al., 2015). C. 
elegans nematodes are small, reaching 1 mm in length at adulthood (Corsi et al., 2015). Thus, 
worm visualization and manipulation requires a dissecting scope or higher resolution 
microscopes. C. elegans populations are almost entirely composed of self-fertilizing 
hermaphrodites (XX genotype) that can lay up to 300 eggs in a single life cycle. Males (XO 
genotype) are also present in populations but at low incidence (0.2%) due to the rare event of 
X chromosome non-disjunction in meiosis (Corsi et al., 2015). The ability of C. elegans to 
self-reproduce makes it a powerful genetic system. 
C. elegans have a very short life cycle of approximately 3 days at 25°C (Altun, 2017). 
Their life cycle begins by embryonic development, where rapid rounds of cell cleavages 
within the eggshell occur over the course of approximately six hours. This is followed by 
several stages of embryonic morphogenesis. After 16 hours of embryonic development, the 
newly hatched worm goes through four larval stages (L1-L4) (Altun, 2017). Molting of the 
outer cuticle precedes each larval stage. L2 worms experiencing starvation can enter an 
alternative stage as L3 larvae, called the dauer stage (Altun, 2017). These worms can survive 
without food supply for weeks. Upon nutrient restoration worms re-enter the life cycle and 
continue to grow to adulthood. 
In addition to its small size, short life cycle and ease of manipulation, C. elegans 
provides several other advantages. C. elegans worms are transparent, thus easily amenable for 
imaging using simple differential interference contrast (DIC) microscopy and more complex 
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imaging techniques using fluorescent proteins. This nematode has a simple genome of 
approximately 20,000 genes and retains approximately 60% homology to human protein 
coding genes (Corsi et al., 2015). The genome of C. elegans was the first to be sequenced 
amongst multicellular eukaryotic organisms (Consortium, 1998) and has served as a 
benchmark for functional characterization of the human genome. 
C. elegans also possesses a simple anatomy based on largely tubular organ structures 
(Figure 2.5.1) (Altun, 2017). A thick cuticle surrounds the entire surface of the animal 
providing protection against the outside environment. Juxtaposed to the cuticle is the worm’s 
ventral hypodermis lined by a layer of muscles required for body movement (Figure 2.5.1). 
The animal has a pharynx for feeding, an intestine, a two-armed gonad, a vulva and a nervous 
system (Figure 2.5.1). These distinct tissues can be easily followed throughout development 
under the microscope due to the worm’s transparency. Relatively simple imaging-based 
experiments and genetic screens have led to important discoveries in the field of 
developmental biology. 
 
Figure 2.5.1 Anatomy of an adult C. elegans worm 
Schematic depicting the tubular organs including the pharynx (green), the intestinal lumen 
(pink), the two-armed gonad (dark purple) including oocytes (light purple) in the uterus and a 
ventral slit (turquoise) representing the vulva. 
2.5.2 Seminal discoveries using C. elegans 
One of the most remarkable achievements in modern cell biology occurred early in 
worm history. A group of scientists in the late 1970’s took advantage of the worm’s 
transparency to trace the fate of every single cell from the embryo all the way to the adult 
hermaphrodite and male (Kimble and Hirsh, 1979; Sulston and Horvitz, 1977; Sulston et al., 
1983). These intensive observations led to the important discovery that C. elegans possess an 
invariant lineage, including 959 somatic cells and led to the discovery of the phenomena of 
programmed cell death (Kimble and Hirsh, 1979; Sulston and Horvitz, 1977; Sulston et al., 
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1983). These findings laid the foundation for future work in cell lineage characterization, 
tissue morphogenesis and neurological systems studies. 
Another key discovery made in the C. elegans system was the ability of a small 
double-stranded RNA to induce mRNA-directed silencing of a specific target gene (Fire et al., 
1998; Montgomery and Fire, 1998; Montgomery et al., 1998). This method earned Craig 
Mello and Andy Fire a Nobel Prize in 2006. This facile RNAi method can be carried out at 
low cost since RNAi can be introduced into the worm by simple feeding of E. coli bearing 
appropriate recombinant expression plasmids. Importantly, systematic collections of RNAi 
constructs that covered all protein coding genes allowed rapid genome-wide functional 
characterization of C. elegans genes acting early in embryo development (Sonnichsen et al., 
2005). 
2.5.3 The C. elegans vulva 
The vulva of the worm is the organ responsible for egg-laying and mating. It forms a 
tubular organ at adulthood making the connection with the outside environment. The C. 
elegans vuvla has been referred to as a “paradigm of morphogenesis” (Sharma-Kishore et al., 
1999). The vuvla is a simple organ system comprised of only 22 cells that divide over the 
course of approximately six hours (Bourdages et al., 2014; Schindler and Sherwood, 2013). 
The signaling pathways and morphogenetic events governing vulva formation are well 
characterized (Felix and Barkoulas, 2012). This organ also provides an ideal system for 
genetic screens since egg-laying can be perturbed but viable progeny produced (Lacroix et al., 
2014). Genetic mutations or protein depletion by RNAi can cause defects in the egg-laying 
apparatus, including vulva less worms (Vul), worms with multiple vulvae (Muv), a protruding 
vulva (Pvl) and embryos retained in the uterus (Egl), all of which are easily scored under a 
stereomicroscope (Lacroix et al., 2014; Schindler and Sherwood, 2013). The C. elegans vulva 
starts to develop at the third larval stage (L3). The following section describes the well-




2.5.4 The C. elegans vulval precursor cells (VPCs) 
The C. elegans vulval precursor cells (VPCs) originate from the P ectoblast lineage 
(Kimble and Hirsh, 1979; Sulston and Horvitz, 1977; Sulston et al., 1983). During the first 
larval stage of worm development, twelve epidermal cells (P1.p-P12.p) are born and located at 
the ventral midline of the worm. The P1.p-P2.p and P9.p-P12.p cells rapidly fuse with the 
ventral hypodermis (hyp7) of the worm (Schindler and Sherwood, 2013). The remaining six 
VPCs, namely P3.p, P4.p, P5.p, P6.p, P7.p and P8.p, stay quiescent until the third larval stage 
(L3) (Schindler and Sherwood, 2013). The P3.p to P8.p cells receive developmental cues at 
the L3 stage and all become competent to form the vulva (Schindler and Sherwood, 2013). All 
six VPCs are competent to form the vulva. The neighboring cell compensates laser cell 
ablation of any of these cells. For instance, the P5.p cell replaces the P6.p cell when it is 
ablated (Sternberg and Horvitz, 1986; Sulston and White, 1980). 
The VPCs are comprised in an epithelium and exhibit apico-basal polarity. Cells are 
comprised between an apical membrane juxtaposed to the ventral cuticle of the worm and a 
basal membrane facing the uterus (Gupta et al., 2012). A specialized cell called the anchor cell 
(AC) is located in the uterus, just above the VPCs (Ihara et al., 2011). This cell sends an EGF 
signal mediated by the LIN-3 gene to the P5.p, P6.p and P7.p cells (Horvitz and Sternberg, 
1991; Ririe et al., 2008; Saffer et al., 2011; Skorobogata et al., 2014). The AC directly sends 
signals to the P6.p cell below for it to adopt primary VPC fate. The neighboring P5.p and P7.p 
cells receive a weaker signal from the AC and consequently adopt the secondary VPC fate 
(Horvitz and Sternberg, 1991; Ririe et al., 2008; Saffer et al., 2011; Skorobogata et al., 2014). 
Lateral signals are also sent for VPC cell fate patterning. Notch signals provide lateral cues to 
the VPCs via the gene LIN-12 (Hoyos et al., 2011; Ririe et al., 2008). This lateral LIN-
12/Notch signal contributes to the specification of the secondary fate for the P5.p and P7.p 
cells (Hoyos et al., 2011). Finally, the remaining P3.p, P4.p and P8.p cells adopt tertiary VPC 
fate, dividing only once before fusing with the ventral hypoderm of the worm (Horvitz and 
Sternberg, 1991; Hoyos et al., 2011; Ririe et al., 2008; Skorobogata et al., 2014). 
The P5.p, P6.p and P7.p cells undergo three rounds of division to generate a total of 
twenty-two cells (Figure 3.5.1A) (Bourdages et al., 2014; Schindler and Sherwood, 2013). The 
middle primary fate VPC (P6.p) gives rise to eight daughter cells, while the secondary fate 
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VPCs (P5.p and P7.p) generate seven daughter cells each (Bourdages et al., 2014; Schindler 
and Sherwood, 2013). The 22 cells generated are of different types referred to as VulA, 
VulB1, VulB2, VulC, VulD, VulE and VulF, from the anterior to posterior of the worm and 
display mirror image symmetry making two half vulvae (Schindler and Sherwood, 2013). The 
first two rounds of VPC division occur in the longitudinal axis (anterior to posterior) of the 
worm (Figure 3.5.1A). During the final round of division, both longitudinal (VulA and VulB) 
and transverse (ventral to dorsal), for VulC, VulE and VulF cell types, orientations are 
observed (Figure 3.5.1A) (Bourdages et al., 2014). The cells of VulD origin do not undergo a 
third and final round of division (Bourdages et al., 2014). 
Following all three rounds of division, the VPCs undergo well-characterized 
morphogenetic changes. Inward VPC migration causes tissue invagination towards the worm’s 
midline and is initiated during the final round of VPC division (Schindler and Sherwood, 
2013; Sharma-Kishore et al., 1999). At the L4 stage, invagination progresses and is 
accompanied by cell fusion events (Sharma-Kishore et al., 1999). Cells on the same half of the 
vulva and of the same type first fuse together. This is followed by fusion of cells of the same 
type but from the other half of the vulva (i.e. anterior with posterior VulA) (Schindler and 
Sherwood, 2013; Sharma-Kishore et al., 1999). This event results in the formation of donut-
shaped cells called toroids with a lumen on the inside and referred to as the “Christmas tree” 
stage (Schindler and Sherwood, 2013; Sharma-Kishore et al., 1999). The final events of vulva 
formation start by the AC breaching the basement membrane and fusing with the VulF cells 
(Ihara et al., 2011; Schindler and Sherwood, 2013). This allows for the VulF cells to make 
connections with uv1 cells of the uterus (Schindler and Sherwood, 2013). Then the AC fuses 
with uterine cells to form the utse, a thin membrane separating the uterine from the vulval 
lumen (Schindler and Sherwood, 2013). Contacts are also established between vulval lips and 
sex muscles, four vm1 and four vm2 muscle cells, to control opening during mating or egg-
laying (Schindler and Sherwood, 2013). The final step of vulva formation is called eversion, 
where the vulva turns inside-out with the guidance of motor neurons and the opening now 
forms a slit (Figure 2.3) (Schindler and Sherwood, 2013). 
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2.5.5 The characterization of VPC cytokinesis 
The well-established events in C. elegans vulva formation make it a powerful organ 
system to characterize the mechanics of cytokinesis. The C. elegans VPCs are easy to follow 
under the microscope and allowed quantitative analysis of several aspects of cytokinesis, 
described in the following chapter. The work presented in this thesis builds on seminal 
discoveries, including the establishment of the invariant C. elegans lineage and RNAi (Fire et 
al., 1998; Kimble and Hirsh, 1979; Montgomery and Fire, 1998; Montgomery et al., 1998; 
Sulston and Horvitz, 1977; Sulston et al., 1983). Work with Drosophila epithelial cells 
provided insights into the mechanics of cytokinesis in intact tissues (Founounou et al., 2013; 
Guillot and Lecuit, 2013; Herszterg et al., 2013a; Higashi et al., 2016; Morais-de-Sa and 
Sunkel, 2013a). The following chapter further describes the mechanics of cytokinesis in cell of 
intact tissue using the C. elegans VPCs. The work presented below also illustrates the impact 
cell size has on many aspects of cytokinesis. Since cell size regulation is addressed in later 
chapters, it provides a link between cytokinesis and cell size, two processes essential for 
proper cell function. 
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3 Results Part 1 - Article 1 
Quantitative analysis of cytokinesis in situ during C. elegans postembryonic 
development  
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The physical separation of a cell into two daughter cells during cytokinesis requires 
cell-intrinsic shape changes driven by a contractile ring. However, in vivo, cells interact with 
their environment, which includes other cells. How cytokinesis occurs in tissues is not well 
understood. Here, we studied cytokinesis in an intact animal during tissue biogenesis. We used 
high-resolution microscopy and quantitative analysis to study the three rounds of division of 
the C. elegans vulval precursor cells (VPCs). The VPCs are cut in half longitudinally with 
each division. Contractile ring breadth, but not the speed of ring closure, scales with cell 
length. Furrowing speed instead scales with division plane dimensions, and scaling is 
consistent between the VPCs and C. elegans blastomeres. We compared our VPC cytokinesis 
kinetics data with measurements from the C. elegans zygote and HeLa and Drosophila S2 
cells. Both the speed dynamics and asymmetry of ring closure are qualitatively conserved 
among cell types. Unlike in the C. elegans zygote but similar to other epithelial cells, Anillin 
is required for proper ring closure speed but not asymmetry in the VPCs. We present evidence 
that tissue organization impacts the dynamics of cytokinesis by comparing our results on the 
VPCs with the cells of the somatic gonad. In sum, this work establishes somatic lineages in 
post-embryonic C. elegans development as cell biological models for the study of cytokinesis 
in situ. 
3.2 Introduction 
Cytokinesis is the last step of cell division, physically partitioning the cytoplasm of a 
cell into two daughter cells. Cytokinesis failure results in tetraploidy, which promotes p53 
activation and, in most cases, cell cycle arrest (Andreassen et al., 2001), but in several 
conditions, further proliferation (Fujiwara et al., 2005; Uetake and Sluder, 2004). Due to their 
supernumerary centrioles, dividing tetraploid cells exhibit errors in spindle bipolarity and 
chromosome segregation (Ganem et al., 2009; Godinho et al., 2014). The resulting aneuploidy 
implicates cytokinesis failure in oncogenic transformation (Ganem et al., 2009). Interestingly, 
regulated cytokinesis failure occurs during differentiation of several cell types including 
hepatocytes and cardiomyocytes (Lacroix and Maddox, 2012). 
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To initiate cytokinesis, the geometry of the anaphase spindle dictates the local 
activation of the small GTPase Rho. Active, GTP-bound RhoA activates formin actin 
nucleators and non-muscle myosin II, and recruits other effectors including the scaffolding 
protein Anillin (Eggert et al., 2006; Fededa and Gerlich, 2012; Glotzer, 2005; Green et al., 
2012). Filament sliding and/or depolymerization are thought to drive closure of the 
actomyosin contractile ring and membrane furrowing (Fededa and Gerlich, 2012; Ma et al., 
2012; Mendes Pinto et al., 2012). While it is well accepted that spindle signaling converges on 
Rho to elicit actomyosin ring assembly and closure, reports of cell-type specific requirements 
for spindle and contractile ring components (Fung et al., 2014; O'Connell et al., 1999; Piekny 
and Maddox, 2010; Verbrugghe and White, 2007) suggest that distinct mechanisms can 
achieve the common goal of cell division. 
Recent comparative studies have yielded novel insights into the general principles of 
cytokinesis mechanics. One unifying concept is that actomyosin rings are built from discrete 
“contractile units” (Bement and Capco, 1991; Carvalho et al., 2009). This model was posed to 
explain how ring closure speed scales with cell size (Carvalho et al., 2009). Furrow speed 
scaling is observed in diverse cell types (Calvert et al., 2011; Carvalho et al., 2009), indicating 
that this phenomenon occurs as a result of a conserved feature of actomyosin rings. 
Our current understanding of cytokinesis has been arrived at mainly using isolated cells 
including yeasts, mammalian cultured cells and invertebrate zygotes, such as that of 
Caenorhabditis elegans. However, it is not well known how the dogma of the molecular and 
mechanical mechanisms of cytokinesis applies to cells in the context of living tissues. 
Defining mechanistic differences in cytokinesis among cell types may help explain the tissue 
specificity of gene requirements during development and of drug sensitivity in some cancers. 
Here, we examined the impact of tissue context on cytokinesis as it occurred in the simple 
epithelium of a living animal. 
Epithelia are ubiquitous tissues that regulate homeostasis and act as barriers against the 
surrounding environment (Knust and Bossinger, 2002). Epithelial cells are polarized, with 
their apical domain facing the lumen or outside environment and the basolateral surface 
contacting neighboring cells and the basement membrane. Cadherin-based adherens junctions 
delineate these domains and mechanically and biochemically connect epithelial cells (Lynch 
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and Hardin, 2009). When epithelial cells divide such that both daughter cells inherit the apical 
domain, their intercellular junctions must be remodeled. How epithelial integrity is preserved 
throughout this process is not fully understood. 
Recent work with the Drosophila embryo, pupal notum and follicular epithelia has 
provided insights into the requirements for cytokinesis in vivo (Founounou et al., 2013; Guillot 
and Lecuit, 2013; Herszterg et al., 2013a; Morais-de-Sa and Sunkel, 2013a). These 
complementary studies described how intercellular adhesions mechanically oppose forces in 
the contractile ring, causing it to close non-concentrically. Thus, the geometry of contractile 
ring closure is not completely cell-autonomous and accordingly, ring asymmetry does not 
require Anillin and septins as it does in the C. elegans zygote (Founounou et al., 2013; Guillot 
and Lecuit, 2013; Maddox et al., 2007; Morais-de-Sa and Sunkel, 2013a). Interestingly, 
epithelial cells in these various tissues appear to differently regulate junction remodeling 
during division (Herszterg et al., 2013b; Morais-de-Sa and Sunkel, 2013b). Adhesions in the 
division plane become disengaged on both sides of the dividing cell in the embryo, on only 
one side in follicle cells, and not at all in the notum (Herszterg et al., 2013b; Morais-de-Sa and 
Sunkel, 2013b). The differences in how tissue context impacts cytokinesis among tissues may 
relate to their specialized functions. 
Here, we characterize cytokinesis in situ using C. elegans, studying somatic cell 
divisions during post-embryonic development. We took advantage of the simplicity and 
thorough cell fate characterization of the egg laying apparatus in C. elegans, specifically, the 
vulval precursor cells (VPCs). VPC size reduced by half with each round of division, and the 
dimensions of the contractile ring scaled with cell size. Quantitative analysis of the kinetics of 
cytokinesis in the VPCs revealed acceleration and deceleration of the ring, which we also 
observed in diverse cell types including human HeLa and Drosophila S2 cultured cells. As in 
other epithelial cells, furrowing in the VPCs was asymmetric, terminating towards the apical 
domain. Examining furrow in HeLa and S2 cultured cells revealed that asymmetry also occurs 
in these “isolated” cells, and is polarized towards the substrate. Thus, asymmetry can arise 
from mechanical resistance originating from various cellular features. While the scaffolding 
protein Anillin was not required for the asymmetry of VPC furrowing, its depletion slowed 
cytokinesis in these cells. Depletion of conserved intercellular adhesion components did not 
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significantly alter the kinetics or geometry of VPC cytokinesis, suggesting that junctions are 
exceptionally robust in this tissue. In cells of the less organized somatic gonad, furrowing was 
more symmetric and slower than in the VPCs. Collectively, this work establishes tissues of the 
developing C. elegans as cell biological systems for studying cell division. 
3.3 Results 
3.3.1 Visualization of the vulval precursor cells (VPCs) in situ 
To study cytokinesis in situ, we sought a simple, well-characterized epithelium. The 
nematode C. elegans lays eggs via the vulva, which starts as a simple epithelium, comprising 
the vulval precursor cells (VPCs; Figure 3.5.1A). The VPCs’ lineage and placement are 
invariant, and the morphogenetic events of vulva formation are well understood (Greenwald, 
1997; Kornfeld, 1997; Ririe et al., 2008; Sternberg and Horvitz, 1986; Sulston and Horvitz, 
1977). At the third larval stage of C. elegans development, six cells (P3.p - P8.p) are 
competent to form the vulva (Kornfeld, 1997; Sternberg and Horvitz, 1986; Sternberg and 
Horvitz, 1989). Upon induction, only three of these cells, P5.p, P6.p and P7.p, adopt vulval 
fate (Kornfeld, 1997; Sternberg, 1988; Sternberg and Horvitz, 1986; Sternberg and Horvitz, 
1989). Over the course of 6 hours at 25°C, they undergo three rounds of division to generate 
22 descendants, which further go through morphogenesis to form the vulva (Horvitz and 
Sternberg, 1991; Sharma-Kishore et al., 1999) (Figure 3.5.1A). 
To visualize VPC divisions in living animals, we performed high-resolution 
microscopy of a worm strain expressing GFP-tagged non-muscle myosin II (NMY-2; 
hereafter, “myosin”), a core component of the contractile ring, under the control of its own 
promoter. This transgenic strain has been widely used and is considered a faithful reporter of 
active myosin (Bringmann and Hyman, 2005; Carvalho et al., 2009; Munro et al., 2004; Roh-
Johnson and Goldstein, 2009). At the beginning of the third larval stage (L3), which we denote 
as the 3 VPC stage, the P5.p, P6.p and P7.p cells’ basal surfaces are internal and their apical 
domains lay against the worm’s ventral cuticle (Figure 3.5.1A-C). In interphase, myosin was 
present at the cortex and enriched at apical junctions between VPCs that also likely contain 
cytokinetic midbody remnants (Figure 3.5.1C; see Figure 3.5.4). In the mid-L3 stage the three 
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VPCs divided in the plane of the epithelium, giving rise to 6 daughter cells (the 6 VPC stage; 
Figure 3.5.1A-C). Approximately two hours later they underwent a second round of division 
to produce 12 granddaughter cells. During the early 12 VPC stage prior to the last round of 
division and the L3/L4 molt, descendants of the P6.p cell invaginated dorsally by apical 
constriction (Figure 3.5.1A-C). 10 of 12 granddaughter cells undergo a third and final round of 
division, giving rise to 22 descendants (Figure 3.5.1A-C). Thus, high-resolution imaging of a 
fluorescent C. elegans strain allowed us to observe the organization of the VPCs during early 
vulva development. 
To characterize the VPCs as a cell biological model, we first determined the 
dimensions of the VPCs (see Figure 3.5.1A). VPC length was reduced by approximately half 
from one round of division to the next, while the height (apical-basal cell axis) and thickness 
(left-right worm axis) of VPCs remained more constant (Figure 3.5.1D-E). Thus, cell volume 
was reduced by approximately half during each of the three rounds of VPC divisions (Figure 
3.5.1F). Consistent with the decrease in VPC length, the three rounds of division occurred 
without appreciable growth of the tissue (Figure 3.5.1G). Thus, VPC divisions are reductional 
within the epithelium, providing an opportunity to study the effects of cell size on various 
aspects of cell division. 
3.3.2 Contractile ring dimensions scale with cell size 
We took advantage of the progressive reduction in VPC size to test how different 
aspects of cytokinesis scale with cell size. We first tested if the contractile ring scales with cell 
size, as has been demonstrated for meiotic and mitotic spindles (Brown et al., 2007; Hara and 
Kimura, 2009; Wuhr et al., 2008). We used worms expressing GFP-tagged myosin to visualize 
the contractile ring at each of the three rounds of VPC division. At cytokinesis onset, myosin 
was enriched in an equatorial band encircling the cell and visible on both the apical and basal 
domain of the dividing cell (Figure 3.5.2A). We measured the breadth of the contractile ring 
(how much of the cell long axis was occupied by myosin) along both the cell’s apical and 
basal surfaces and compared it to cell length. As the VPCs become smaller from one round of 
division to the next, so do the apical and basal dimensions of the contractile ring (Figure 
3.5.2B). This is consistent with the idea that contractile ring dimensions relate to spindle size, 
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which scales with cell length. Contractile rings were broader at the apical region than the basal 
domain of the cell (Figure 3.5.2C), indicating that apicobasal cell polarity generates 
differences in the mechanical or biochemical mechanisms that focus the contractile ring. The 
extent of this difference varied among the three rounds of VPC divisions; the apical region of 
the contractile ring was significantly broader than at the basal surface during the first two 
rounds of VPC division, but nearly identical during the last round of cytokinesis (Figure 
3.5.2C). This result indicates that there is a lower bound to contractile ring breadth. 
3.3.3 Furrowing speed scales with division plane dimensions 
Another aspect of contractile ring biology that scales with cell size is furrowing speed, 
such that larger cells furrow more quickly than smaller cells of a given cell type (Calvert et al., 
2011; Carvalho et al., 2009; Mendes Pinto et al., 2012; Turlier et al., 2014). One possibility 
was that speed scales with total available myosin or other contractile ring components and thus 
cell volume. According to this model, since VPCs halve their volume at each round of cell 
division (Figure 3.5.1F), furrow speed would decrease with decreasing VPC size. 
Alternatively, Calvert and colleagues presented evidence that furrowing speed scales with 
division plane dimensions (Calvert et al., 2011). VPC height and thickness, and therefore 
division plane circumference, remain roughly constant (Figure 3.5.1E-F), so furrowing speed 
would be expected to be similar among the three rounds of division. We performed time-lapse 
imaging through the thickness of the VPCs and measured contractile ring closure (Figure 
3.5.3A-B). Indeed, furrowing speed, represented by the average speed between 20% and 80% 
ring closure, is relatively similar among rounds of VPC division, and does not scale with VPC 
volume (Figure 3.5.3B’). Maximum furrowing speed is significantly lower in the middle 
round of VPC divisions, but also does not scale with VPC size (see Figure 3.5.3D). 
We next explored whether the scalability of furrowing speed with cell size extends 
outside of a given cell type. We compared our furrowing speed data from the VPCs (Figure 
3.5.3B’) with those measured previously in C. elegans blastomeres, where furrowing speed 
scales with cell size in general (Carvalho et al., 2009). Strikingly, our measurements from 
VPCs fit very well with the relationship between division plane diameter and furrowing speed 
in the much larger blastomeres Figure 3.5.3C). Thus, scaling is a conserved phenomenon 
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whose arithmetic relationship holds among different cell types in C. elegans. Our results 
indicate that furrow speed is dictated by a feature of the contractile ring that is universal 
among cells of varying sizes, shapes, fates and tissue contexts. 
3.3.4 Contractile ring closure occurs via acceleration and deceleration 
Measuring VPC contractile ring closure with high temporal resolution, we noticed that 
its speed is not constant but rather accelerated until reaching a maximum speed of 
approximately 18% per minute near 50% closure, and then decelerated until closure (Figure 
3.5.3D). To examine whether contractile rings in well-studied model cell types also accelerate 
and decelerate, we measured ring closure over time in the C. elegans zygote, HeLa human 
cultured cells, and Drosophila S2 cells (Figure 3.5.3E). We then calculated how the speed of 
closure changed with time (Figure 3.5.3F). In all these cell types, contractile ring closure 
accelerated until the ring was approximately half closed, and then decelerated (Figure 3.5.3F). 
Thus, gradual change in ring closure speed appears to be a general characteristic of metazoan 
cytokinesis. 
3.3.5 Asymmetric furrowing occurs towards the apical membrane of VPCs 
Since contractile ring dimensions and closure speed scaled with VPC length and 
division plane dimensions, respectively, we next explored whether another feature of 
cytokinesis scaled with VPC size. Asymmetric cytokinesis (also called polarized, non-
concentric, or unilateral cytokinesis) was first characterized in the C. elegans zygote, where 
confinement in the eggshell suggests it occurs cell-autonomously (Audhya et al., 2005; 
Maddox et al., 2007). Asymmetric cytokinesis has been observed in many epithelial cells and 
neuroepithelial cells in situ (Das et al., 2003; Dubreuil et al., 2007; Fleming et al., 2007; 
Founounou et al., 2013; Guillot and Lecuit, 2013; Herszterg et al., 2013a; Morais-de-Sa and 
Sunkel, 2013a; Reinsch and Karsenti, 1994). Recently, it was demonstrated with the 
Drosophila embryonic blastoderm and follicular epithelia that asymmetric furrowing in 
epithelial cells can be explained by apical junctions resisting the inward pulling forces of the 
contractile ring (Guillot and Lecuit, 2013; Morais-de-Sa and Sunkel, 2013a). Strikingly, ring 
closure is asymmetric and invariantly polarized to the substrate in human HeLa and 
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Drosophila S2 cells (Figure 3.5.4B). These results suggest that remnant substrate adhesions 
can also resist furrow forces and direct polarized ring closure. Thus, furrow asymmetry 
appears to be universal among metazoan cell types, but can occur by multiple mechanical 
means. 
Contractile ring closure was asymmetric in the VPCs (Figure 3.5.4A and C; Movie 1). 
Ingression was polarized towards the apical membrane (Figure 3.5.4A; Movie 1), as in other 
epithelia (Das et al., 2003; Dubreuil et al., 2007; Fleming et al., 2007; Founounou et al., 2013; 
Guillot and Lecuit, 2013; Herszterg et al., 2013a; Morais-de-Sa and Sunkel, 2013a). The 
extent of asymmetry differed among the three rounds of VPC division (Figure 3.5.4C). 
Asymmetry increased from the first to the second round of division, but then decreased for the 
third round, where it was the most symmetric (Figure 3.5.4C). Thus, asymmetry did not scale 
with VPC dimensions. 
The polarity of asymmetric furrowing suggested that the intercellular contiguity of 
apical junctions resists the inward pulling forces of the contractile ring, as was demonstrated 
with the Drosophila embryonic blastoderm and follicular epithelia (Guillot and Lecuit, 2013; 
Morais-de-Sa and Sunkel, 2013a). Unfortunately, technical difficulties prohibited us from 
drawing conclusions on the roles of intercellular adhesions in the geometry of VPC 
cytokinesis (Figure 3.6.1; see Discussion). 
In the C. elegans zygote, ANI-1Anillin is required for asymmetric contractile ring closure 
(Maddox et al., 2007). Targeting of ANI-1 during post-embryonic development led to gross 
defects in vulval morphogenesis and vulval protrusion (Pvl), as previously seen (Field et al., 
2008). Depletion of ANI-1 from the VPCs did not alter furrow asymmetry (Figure 3.5.4D and 
E), suggesting that furrow asymmetry is not ring-intrinsic but is caused by mechanical 
resistance by the apical junctions. Similar results and conclusions were obtained with 
Drosophila epithelial cells in situ (Founounou et al., 2013; Guillot and Lecuit, 2013; Morais-
de-Sa and Sunkel, 2013a). ANI-1 depletion from VPCs slowed contractile ring closure (Figure 
3.5.4D’ and E’), as in mammalian cultured cells injected with an Anillin antibody (Oegema et 
al., 2000), and in the Drosophila embryonic and notum epithelial cells depleted of Anillin 
(Founounou et al., 2013; Guillot and Lecuit, 2013). Interestingly, this effect of ANI-1 
depletion on furrowing speed is not seen in the C. elegans zygote (Maddox et al., 2007). Thus, 
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ANI-1Anillin is differentially required for cytokinesis in epithelial cells versus early blastomeres 
in C. elegans. 
3.3.6 Epithelial organization influences the kinetics of cytokinesis  
The epithelium containing the VPCs is highly organized: the single layer of cells are all 
of similar size, with apparently similar contact with the basement membrane and neighboring 
epithelial cells (Sternberg, 2005) (Figure 3.5.1). In contrast, the C. elegans somatic gonad, 
located interior to the VPCs, is an ovoid collection of cells surrounded by a basement 
membrane (Figure 3.5.5A-B). The somatic gonad cells, which are segregated towards the 
worm midline from the two arms of the developing germline (Figure 3.5.5A-B), undergo 
several rounds of division to give rise to the cells that encase the germline, spermatheca and 
uterus (Kimble and Hirsh, 1979; Newman et al., 1996). To test how epithelial organization 
influences cytokinesis, we measured the kinetics and geometry of cytokinesis in the somatic 
gonad cells and compared them to our results with the VPCs. 
The contractile rings of the somatic gonad cells could be observed via time-lapse 
imaging of GFP-tagged myosin, as for VPCs (Figure 3.5.5C; Movie 2). Contractile ring 
closure was slower in the somatic gonad cells than in the slowest VPCs (at the second round 
of division; (Figure 3.5.5D). Contractile ring closure was also more concentric, resembling 
that of the third round of VPC division (Figure 3.5.5E). Thus, as in the VPCs, furrowing speed 
is not strictly correlated with asymmetry, indicating that they are influenced by independent 
aspects of the contractile ring. These results suggest that tissue organization influences the 
dynamics of contractile ring closure. 
3.4 Discussion 
Here, we set out to establish a system for studying cytokinesis in situ. We used high-
resolution microscopy of a strain expressing GFP-tagged myosin to follow contractile ring 
closure over the three rounds of vulval precursor cell (VPC) cytokinesis within developing C. 
elegans. We also examined a distinct tissue, the somatic gonad. By characterizing cytokinesis 
in multiple settings and taking a four dimensional view of the contractile ring, we defined 
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conserved features of cytokinesis, lending insight into general principles of contractile ring 
function. 
We first established that the VPCs reduced in length by approximately half upon each 
division (Figure 3.5.1). This cell size reduction allowed us to investigate scalability of the 
contractile apparatus. The width of the contractile ring scaled with VPC length (Figure 3.5.2A-
B), supporting the hypothesis that the dimensions of the mitotic spindle dictate the site of 
contractile ring assembly (Bringmann and Hyman, 2005), and parallels the finding that spindle 
length scales to cell size (Brown et al., 2007; Hara and Kimura, 2009), thus adding to a 
growing body of knowledge on organelle scaling. 
When we investigated whether other aspects of cytokinesis scaled with cell size, we 
found that the speed of furrowing scaled with division plane dimensions and not with overall 
cell size. Whether furrowing speed scales with division plane size or cell volume had not been 
discernable from the study of C. elegans blastomeres (Carvalho et al., 2009), but had been 
arrived at using filamentous fungus (Calvert et al., 2011). Interestingly, the scaling of 
furrowing speed with the size of the division plane is consistent among the VPCs and 
blastomeres of C. elegans (Figure 3.5.3C). Carvalho and colleagues suggested that this scaling 
occurs because rings are constructed from standard sized contractile units, and large rings 
contain more contractile units than smaller cells (Carvalho et al., 2009). Our results thus 
suggest that different cell types of a given species possess that same contractile unit. 
In measuring how the speed of contractile ring closure changes over time, we noticed 
that it first increases and then decreases (Figure 3.5.3D). Although this phenomenon is not 
widely appreciated, it has been reported (Bement and Capco, 1991; Bement et al., 1999; 
Mabuchi, 1990; Soto et al., 2013; Yoneda and Dan, 1972). Careful inspection of data from 
cells throughout phylogeny reveals that when ring size is plotted over time, the resulting curve 
is sigmoidal (first concave downward and later concave upward), belying acceleration and 
deceleration (Brennan et al., 2007; Calvert et al., 2011; Maddox et al., 2007). Acceleration 
may reflect progressive contractile ring compaction and organization, while deceleration may 
result from limitations on contractile ring disassembly. Understanding the structural bases of 
acceleration and deceleration and the switch between these two states will no doubt lead to 
insights into general principles of cytokinesis. 
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As observed in diverse epithelial cells (Das et al., 2003; Dubreuil et al., 2007; Fleming 
et al., 2007; Founounou et al., 2013; Guillot and Lecuit, 2013; Herszterg et al., 2013a; Morais-
de-Sa and Sunkel, 2013a), VPC contractile rings close in a polarized, apically-directed fashion 
(Figure 3.5.4A; Movie 1). In Drosophila epithelia, the polarity of furrowing and resulting 
apical positioning of the midbody promote the formation of a long interface between daughter 
cells, important for epithelial integrity in a proliferating tissue (Herszterg et al., 2013a; 
Morais-de-Sa and Sunkel, 2013a). Thus, asymmetry results in this specific advantage for 
epithelial cells. However, we also observed asymmetry in non-epithelial cell types (Figure 
3.5.4B). Together with several elegant mechanical perturbations of epithelial cytokinesis 
(Founounou et al., 2013; Guillot and Lecuit, 2013; Herszterg et al., 2013a; Morais-de-Sa and 
Sunkel, 2013a), our data suggest that asymmetry is an inevitable result of mechanical 
resistance in one region of the division plane. 
Previous work in ectodermal and follicular epithelial cells of Drosophila established 
that mechanical resistance by apical adherens junctions dictates the polarity of asymmetric 
contractile ring ingression (Guillot and Lecuit, 2013; Morais-de-Sa and Sunkel, 2013a). 
Although we assume that the same principle holds for the C. elegans VPCs, we did not 
observe more concentric closure of the contractile ring upon depletion of either HMR-1E-cadherin 
or AJM-1, principal components of the two adhesion subdomains (Figure 3.6.1A-D). 
Simultaneous RNAi for these two targets did not exacerbate the effects on vulval 
morphogenesis and were not examined at the cell level (Figure 3.6.1E). These results suggest 
that VPC apical junctional integrity is robust due to redundant and/or persistent intercellular 
adhesion proteins. Cadherin- and AJM-1-based adhesion complexes are redundant during 
embryonic morphogenesis of the C. elegans gut epithelium (Segbert et al., 2004). In addition, 
junction proteins may have persisted despite RNAi, since the vulval epithelium is relatively 
insensitive to RNAi (Matus et al., 2014). Our attempts to circumvent this issue using a mutant 
strain (rrf-3 pk1426) with increased RNAi sensitivity (Simmer et al., 2002) did not enhance 
the penetrance of terminal vulval defects (Figure 3.6.1F) and thus were not pursued further. It 
is possible that the VPCs’ junctions with the Hyp7 hypodermis (orange in Figure 3.5.2A), 
which lie in the division plane for longitudinal VPC divisions, are generally more compliant 
and/or less depleted by RNAi. Lastly, the VPCs’ apical association with the cuticle could 
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contribute to mechanical resistance by the apical aspect of these cells. Indeed, the cuticle-
associated apical ECM was implicated in the maintenance of apical junction integrity in the C. 
elegans excretory system (Mancuso et al., 2012). 
In sum, our characterization of cytokinesis in the VPCs of C. elegans lays the 
foundation for applying the wealth of knowledge that exists on vulval genetics and 
morphogenesis to the study of cytokinesis. It also provides insights into the differences in 
mechanisms and geometry of cell division in situ versus in isolated cells. These distinctions 
could aid the understanding and development of cancer therapies, since one of the major 


















































































































































































































































(A) Schematic representation of the VPCs (P5.p, P6.p and P7.p cells) in a third larval stage 
(L3) worm. 3 VPC stage: undivided precursors (purple); daughter cells: 6 VPC stage (green); 
12 granddaughter cells: 12 VPC stage (orange); final 22 descendants = 22 VPC stage. (B) DIC 
images of the VPCs at the corresponding stages shown in A. For all images, anterior is to the 
left and dorsal is to the top. Scale bar = 10 µm. (C) Maximal intensity projection images of 
worms expressing GFP-tagged non-muscle myosin II (NMY-2) in the VPCs (dotted lines) at 
the 3, 6, 12 and 22 VPC stages. Scale bar = 10 µm (D-E) Scatter plots of individual VPC 
measures before (pre) and after (post) each round of VPC division. Cell length: ***: p < 
0.0001, unpaired t test. Cell height: n.s.: p = 0.06, ***: p < 0.0001, *: p = 0.02, unpaired t test. 
Bars = mean with SEM. n(cells) > 20 and n(worms) ≥ 8 for each VPC stage. (F) VPC volume 
= length (D) x height (E) x thickness (number of 0.6 µm steps occupied by the cells). ***: p < 
0.0001, unpaired t test. Bars = mean with SEM. n(cells) > 20 and n(worms) ≥ 8 and for each 
VPC stage. (G) Length of region occupied by the VPCs and their descendants. n.s.: p > 0.1, 
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Figure 3.5.2 Contractile ring dimensions scale with the length of VPCs 
(A) GFP-tagged myosin worms at the 3 (left), 6 (middle) and 12 (right) VPC stages. Images 
are maximal projections taken at < 150 seconds following cytokinesis onset. Myosin is 
enriched in the contractile ring at both the basal (upper) and apical (lower) domain of the cells. 
Dotted lines: dividing cells. Scale bar = 5 µm. Right: 3D schematic of a dividing VPC 
showing contractile ring breadth in brackets. (B) Apical (left) and basal (right) contractile ring 
breadth plotted against VPC length for all three rounds of division. The x-axis was inverted to 
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show the decrease in cell length through divisions. Best-fit linear regressions and their 
equations are shown. (C) Scatter plot of apical versus basal contractile ring breadth (data from 
B) for cell lengths at the 3 (purple), 6 (green) and 12 (orange) VPC stages. Colored dots: 
average for each stage. Scale bars = mean with SEM for both axes. n.s.: p value = 0.05, ***: p 
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Figure 3.5.3 Quantitative analysis of the kinetics of contractile ring closure in the VPCs 
(A) Maximal intensity projection images of a worm expressing GFP-tagged myosin at the 3 
VPC stage. Left: dotted box: dividing cell; arrow: contractile ring. Scale bar = 10 µm. Middle: 
enlargement of the dividing cell (dotted outline); dotted box and arrow: contractile ring. Scale 
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bar = 5 µm. The cropped contractile ring is rotated 90° to generate a z, x maximum projection. 
Bottom: contractile ring closure over time. Scale bar = 1 µm. Right: representation of ring 
annotation and the parameters quantified: red = cell outline; green = contractile ring; R = cell 
radius; r = ring radius; Ring closure = r/R*100. (B) Average percentage of contractile ring 
closure over time aligned at the midpoint of closure for the first (purple), second (green) and 
third (orange) rounds of VPC cytokinesis. Purple/first: n(cells) = 20, n(worms) = 11. 
Green/second: n(cells) = 17, n(worms) = 6. Orange/third: n(cells) = 19, n(worms) = 8. Error 
bars = SEM. Dotted box: data for B’. (B’) Linear regression lines and their equations for 20% 
- 80% ring closure (data from B). (C) Furrowing speed versus division plane perimeter (3 
VPC: purple, 6 VPC: green and 12 VPC: orange, grey: data from (Carvalho et al., 2009); pink: 
our zygote measurement). Linear regression fitted to all 8 data points. (D) Average speed of 
contractile ring closure over time for the three rounds of VPC cytokinesis. First round/purple, 
n(cells) = 20, n(worms) = 11, second/green, n(cells) = 17, n(worms) = 6, third/orange, n(cells) 
= 19, n(worms) = 8. **: p = 0.006 for 6 versus 12 VPC stage at time 0, unpaired t test. Error 
bars = SEM. (E-F) Graphs of average percentage of ring closure and speed over time for HeLa 
cells (black), Drosophila S2 cells (red) and the C. elegans zygote (light green). C. elegans 
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Figure 3.5.4 Strong intercellular adhesion leads to robust asymmetric contractile ring 
closure in the VPCs 
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(A) First (left), second (middle) and third (right) rounds of VPC cytokinesis in GFP::myosin 
worms. First round dividing cell reproduced from Figure 3A for ease of comparison. Scale bar 
= 10 µm. Dotted boxes and outlines: dividing cells; arrows: contractile rings. Scale bar = 5 
µm. Representation of ring annotation and the parameters quantified: red = cell outline; green 
= contractile ring; R = cell radius; D = distance between cell and ring centers; Asymmetry = 
D/R*100. 3D schematic of contractile ring closure in the VPCs. (B) First column: x, y view of 
dividing HeLa cell (top), Drosophila S2 cell (middle), and C. elegans zygote (bottom). Second 
column: corresponding x, z views. Third column: example contractile ring location over time. 
Scale bar = 5 µm. Fourth column: the path taken by the ring for all examples of each cell type. 
Last column: asymmetry versus time. (C) Average asymmetry of furrowing over the 
percentage of VPC ring closure (first round; purple, second; green and third; orange). First: 
n(cells) = 20, n(worms) = 11. Second: n(cells) = 17, n(worms) = 6. Third: n(cells) = 19, 
n(worms) = 8. Error bars = SEM. ***: p < 0.0001, *: p = 0.03, unpaired t test calculated at 
80% closed. (D) Confocal images of control and ANI-1 depleted worms expressing 
GFP::myosin (3 VPC stage). Dotted lines: dividing cells; arrows: ingressing furrows. Scale bar 
= 5 µm. (D’) Kymographs of contractile ring closure for control (black) and ANI-1 depleted 
(fuchsia) worms expressing GFP::myosin. Vertical scale bar = 1 µm. Horizontal scale bar = 5 
min. (E-E’) Average furrow asymmetry and ring closure speed (all three rounds of VPC 
cytokinesis). Control (grey), n(cells) = 56, n(worms) = 25. ani-1(RNAi) (fuchsia), n(cells) = 8, 
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Figure 3.5.5 Tissue geometry influences the kinetics of cytokinesis in the cells of the 
somatic gonad 
(A) Schematic representing an L3 worm (~31 hours post-hatching), showing the somatic 
gonad, VPCs and germline. Worm expressing mCherry-tagged phospholipase C (PLC) PH 
domain in the germline (top), GFP-tagged myosin in the VPCs and somatic gonad (middle), 
and merge image (bottom). Scale bar = 10 µm. (B) Schematic of the cells of the somatic gonad 
(middle) and the germline (extremities) surrounded by a continuous basement membrane 
(red). Worm at the 12 VPC stage expressing GFP::myosin and mCherry::LAM-1 (laminin-1) 
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to mark basement membrane. Scale bar = 10 µm. (C) Maximal projection images of the 
somatic gonad expressing GFP myosin. Dotted boxes: dividing cells, enlarged to the right; 
arrows: contractile ring. Scale bars = 10 µm (left); 5 µm (right). (D-E) Average ring closure 
speed and asymmetry (somatic gonad: teal blue, first VPC division: purple, second: green, and 
third: orange). Each VPC stage n(cells) ≥ 17, n(worms) ≥ 6. Gonad cells; n(cells) = 29, 
n(worms) = 12. Error bars = SEM. **: p = 0.0023, unpaired t test, gonad cells versus 6 VPC 
stage. *: p = 0.06, ***: p < 0.0001, n.s.: p > 0.1, unpaired t test. 
Movie 1. Asymmetric furrowing to the apical membrane of VPCs 
Time-lapse movie of a worm expressing GFP-tagged myosin during the second round of VPC 
division. Anterior is to the left and the apical membrane at the bottom. The contractile ring 
closes towards the apical membrane of all 6 daughter cells. Images were acquired every 2 
minutes at 100x magnification, using a swept field confocal microscope (Nikon). A maximal 
projection of 0.6 µm z slices is shown. The movie is played at 5 frames/s. Scale bar = 10 µm. 
Time in minutes. 
Movie 2. Cytokinesis in cells of the somatic gonad 
Time-lapse imaging of a worm expressing GFP-tagged myosin, approximately 31 hours post-
hatching. Same worm as shown in Figure 5C. Anterior is to the left and the ventral cuticle at 
the bottom. Above the 12 VPCs, four cells of the somatic gonad undergo cytokinesis, 
observed by myosin enrichment in the contractile ring. Images were captured every 30 
seconds, at a magnification of 60x, using a swept field confocal microscope (Nikon). A 
maximal projection of 0.6 µm z slices is shown. The movie is played at 5 frames/s. Scale bar = 
10 µm. Time in minutes. 
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3.6 Supplemental Figure and legend 
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Figure 3.6.1 Supplemental Figure 
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(A) Schematic representation of HMR-1E-cadherin apical localization at the 6 VPC stage in an x, 
y view. Corresponding images of control and hmr-1(RNAi) worms. Scale bar = 10 µm. (A’) 
HMR-1::GFP intensity in the entire VPC region (6 VPC stage). Green: average intensity for 
controls; purple: HMR-1 depleted worms. Bars = mean with SEM. ***: p < 0.0001, unpaired t 
test. (B-B’) Average asymmetry and speed of contractile ring closure, respectively, in controls 
(green) and HMR-1 depleted worms (purple) during the second round of division. Controls 
n(cells) = 17, n(worms) = 6. HMR-1 depletions n(cells) = 12, n(worms) = 5. Error bars = 
SEM. n.s.: p > 0.1, unpaired t test. (C) Schematic of a ventral view of VPCs expressing GFP-
tagged AJM-1. Corresponding maximal intensity projection images of 6 VPC stage AJM-
1::GFP control and AJM-1 depleted worms. Scale bar = 10 µm. (C’) AJM-1::GFP intensity in 
control (green) and AJM-1 depleted (light purple) worms (3 and 6 VPC stages). Bars = mean 
with SEM. n.s.: p = 0.16, unpaired t test. (D-D’) Average asymmetry and speed of contractile 
ring closure for controls and AJM-1 depleted worms during the second round of division. 
Controls (green) n(cells) = 17, n(worms) = 6. ajm-1(RNAi) (light purple) n(cells) = 7, 
n(worms) = 3. Error bars = SEM. n.s.: p > 0.1. **: p = 0.0026, unpaired t test. (E) The 
penetrance of the protruded vulva (Pvl) phenotype was scored at least 72 hours post-feeding. 
hmr-1(RNAi): purple, ajm-1(RNAi): light purple, hmr-1+ajm-1(RNAi): striped column. 
n(experiments): hmr-1 = 6, ajm-1 = 5, hmr-1/ajm-1 = 2. Bars = mean with SEM. (F) 
Penetrance of the Pvl phenotype for three different worm strains; JJ1473 (NMY-2::GFP), 
FT250 (HMR-1::GFP) and rrf-3 (pk1426). The average percentage of pvl is represented for 
ani-1 (fuchsia), hmr-1 (purple) and ajm-1 (light purple) depleted worms. n(replicates): 
JJ1473/ani-1 n = 5, JJ1473/hmr-1 n = 6, JJ1473/ajm-1 n = 5, FT250/ani-1 n = 1, FT250/hmr-1 




3.7 Materials and methods 
C. elegans strains 
The following strains were used:  
JJ1473 (zuIs45 [nmy-2::NMY-2::GFP + unc-119(+)] V),  
FT250 (xnIs96 [pJN455(hmr-1p::HMR-1::GFP::unc-54 3'UTR) + unc-119(+)]),  
SU93 (jcIs1 [ajm-1::GFP + unc-29(+) + rol-6(su1006)] IV),  
OD183: OD70 (ltIs44 [pAA173, pie-1p::mCherry::PH(PLC1delta1) + unc-119(+)]) x JJ1473, 
and JJ1473 x NK574 (qyIs86 [cog-2::GFP]; lam-1::cherry). 
C. elegans culture 
C. elegans strains were maintained at 25°C using standard procedures (Brenner, 1974). For 
live imaging and feeding experiments worms were synchronized at the first larval stage (L1) 
using alkaline bleach (1.2% NaOCl, 250 mM KOH) (Stiernagle, 2006). Control L3 worms 
were mounted for imaging at 27 hours post-hatching. Somatic gonad imaging was performed 
using late L3 worms between 31 to 33 hours post-hatching (12 VPC stage). 
RNA-mediated interference 
Protein depletions were carried out by placing 10 to 15 worms on a plate seeded with the 
HT115 bacterial strain containing the L4440 vector inducing IPTG mediated dsRNA 
expression, as described (Kamath et al., 2003). Single bacterial clones from the Ahringer 
library (Fraser et al., 2000; Kamath and Ahringer, 2003), kindly provided by Jean-Claude 
Labbé (IRIC, Université de Montréal), were sequenced to confirm the presence of target 
genes. Synchronized L1 worms were fed dsRNA expressing bacteria for > 26 hours at 25°C 
before imaging. To assess the effects of the RNAi on overall vulval morphogenesis, worms 
were grown for > 72 hours (to adulthood) and scored for protruded vulva (Pvl) phenotypes 
using a stereomicroscope. 
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Worm mounting and imaging 
Worms anesthetized in 0.01% tetramisole in M9 buffer for 10 minutes were mounted on a 5% 
agarose pad bearing 20 to 80 µm wide grooves made by a custom nanofabricated silica plate. 
Worms were overlaid with a Poly-L-Lysine coated coverslip. To prevent desiccation, 
tetramisole solution was added between the coverslip and agarose pad and the chamber was 
sealed with VaLaP (1:1:1 Vaseline, lanolin and paraffin). Imaging was performed using a 
Swept Field Confocal (SFC, Nikon Canada, Mississauga, ON, Canada; and Prairie 
Technologies, Madison, WI, USA). The 50 µm slit mode was used with or without 2x2 
binning on a CoolSnap HQ2 camera (Photometrics, Tucson, AZ). We used a 60X/1.4 NA 
Plan-Apochromat objective 0.6 µm z steps, 30 seconds intervals, and either 400 or 600 
milliseconds exposures. All acquisition settings, including laser intensity, were controlled 
using NIS-Elements software (Nikon). Time-lapse imaging of VPCs and somatic gonad cells 
was performed for several hours to capture multiple divisions (each lasting approximately 10 
minutes). Only one acquisition was made per worm. n > 3 worms per condition. 
Cell and contractile ring dimension measurements 
VPC and tissue dimensions were measured with NIS-Elements software (Nikon). The length 
and height of VPCs were measured before and after division. Cell thickness was estimated by 
counting the number of 0.6 µm z-slices occupied by the cell. Cell volume was calculated by 
multiplying length, height and thickness. Tissue length was determined by a longitudinal 
measure of the three VPCs and their descendants before and after each round of division. 
Measurements were recorded in Excel (Microsoft) and graphed using Prism (GraphPad 
software). Statistical analyses for cell height (unpaired t test) and tissue length (one-way 
ANOVA) were performed in Prism. For cell length and volume, unpaired t tests were 
performed in MATLAB. Contractile ring dimensions in the VPCs were assessed with a 
custom MATLAB-based software. Original acquisitions were processed (cell cropping) for 
analysis in NIS-Elements (Nikon). Contractile ring dimensions from maximal projection 
images were measured in the plane of imaging (x, y view). Apical and basal contractile ring 
breadths were measures of the equatorial region enriched for myosin. Myosin enrichment was 
defined by higher shades of grey compared with adjacent myosin at the cell perimeter. Breadth 
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measurements for the first five time points with detectable equatorial myosin were averaged. 
Measurements were compiled in Excel; statistical analysis and graphing were performed using 
Prism. 
Fluorescence intensity measurements 
To assess the extent of HMR-1 and AJM-1 depletions, the fluorescence intensity of GFP-
tagged HMR-1 and AJM-1 was measured using FT250 and SU93 strains, respectively. All 
imaging parameters were held constant between control and RNAi animals. All measurements 
of fluorescence intensity were performed in the same way using Fiji (ImageJ 1.48a, NIH). 
Images were opened as 16-bit .nd2 files. A single confocal slice was selected for analysis. 
Images were rotated to align the VPCs horizontally. A box was drawn over the entire region of 
the VPCs. Each measurement was normalized to the fluorescence intensity of the background 
outside the worm. Mean fluorescence intensity was recorded in Excel. Graphing and statistical 
analysis were performed in Prism. 
Cytokinesis kinetics analysis 
Quantifications of the kinetics of cytokinesis were performed using custom MATLAB 
software cyanRing (CYtokinesis ANalysis of the contractile RING) (Dorn et al., 2010). 
Individual cells were first cropped from time-lapse z series in x and y using NIS-Elements. 
Using cyanRing, the contractile ring was cropped and rotated to generate a maximal projection 
image of the division plane (z, x view). The outline of the cell and contractile ring were 
annotated over time by marking three points (Figure 3A). Ring size and position were 
calculated from best-fit circles through these points. Graphs of ring closure timing, speed and 
asymmetry were made using cyanRing. 
Statistical analysis 
P values for cell length and cell volume measurements were obtained in MATLAB by 
performing unpaired t tests. Statistical analyses of cyanRing data were performed in 
MATLAB using a custom script. Unpaired t tests were calculated for each specified sets of 
data. For cell height (unpaired t test) and tissue length (one-way analysis of variance) 
measurements, statistical analyses were performed in Prism (GraphPad software). Statistical 
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analyses for fluorescence intensity quantifications were also performed in Prism, obtaining p 
values following unpaired t tests. 
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4 Cell size regulation 
The following chapter summarizes current knowledge on cell size regulation from 
yeasts to mammals, including the problem of how cellular structures are scaled according to 
cell size. This overview will be followed by a description of seminal work on cell size 
regulation in the budding yeast S. cerevisiae. The observation that several regulators of cell 
size are conserved between evolutionary divergent species motivated studies of size in higher 
eukaryotes, described later in the chapter. Finally, I will address an important void in the cell 
size field, namely the absence of large-scale analysis of mammalian cell size regulators. 
Revolutionary new gene editing technology based on the bacterial CRISPR/Cas9 system, 
described in detail in the next chapter, opens new frontiers for studies of size in higher 
eukaryotes. This leads to the work Thierry Bertomeu and I performed using the CRISPR/Cas9 
technology to uncover genes implicated in human cell size regulation, the topic of Chapter 6. 
4.1 Cell size scales with ploidy 
In all organisms studied, a positive correlation between genome copy numbers and cell 
size has been reported. Scientists in the 1900’s, including Boveri and Hertwig, were the first to 
note a correlation between ploidy level and cell size (Ycas et al., 1965). Since then, several 
studies across different eukaryotic species supported their preliminary observation. 
Investigations in the budding yeast S. cerevisiae demonstrated a linear relationship 
between yeast size and genome copy numbers. Mundkur and Mortimer performed genetic 
manipulations to generate a yeast ploidy series from haploid to hexaploid. They observed that 
yeast volume increased proportionally to genome copy numbers, such that diploid yeast cells 
were nearly twice as large as their haploid equivalent (Mortimer, 1958; Mundkur, 1953). 
These studies provided compelling evidences that budding yeast cell size scales with ploidy. 
Beyond unicellular organisms, higher eukaryotes exploit ploidy as a mechanism to 
increase cell size. In mammals, specialized cells of the bone marrow producing platelets called 
megakaryocytes achieve high levels of ploidy. These progenitors can reach up to one hundred 
and twenty-eight times the number of chromosomes in a haploid cell (Edgar and Orr-Weaver, 
2001; Lacroix and Maddox, 2012). Other cell types including hepatocytes of the liver also 
 
 72 
become polyploid, a process that contributes to most of the increase in liver mass (Lacroix and 
Maddox, 2012). 
Early genetic studies in Drosophila uncovered a linear relationship between wing cell 
size and genome copy numbers (Dobzhansky, 1929). In addition, BrdU staining of various 
Drosophila larval tissues, such as the hindgut, imaginal disc and salivary glands, revealed a 
large range of DNA copy numbers (Smith and Orr-Weaver, 1991). C. elegans also employs 
increasing ploidy for the growth of its hypodermis lining the external surface of worm 
(Flemming et al., 2000; Lozano et al., 2006). Increasing genome copy numbers is a 
predominant mechanism in plants to promote an increase in cell size. For instance, dissection 
of somatic nuclei followed by flow cytometry analyses in different tissues of Arabidopsis 
thaliana revealed the presence of a large range in DNA copy numbers (Galbraith et al., 1991). 
These many examples suggest that ploidy increases represent a conserved mechanism across 
species to increase cell size. 
Seminal work by Fankhauser in the salamander provided further strong evidence of a 
positive correlation between ploidy levels and cell size. The size of kidney tubule cells, and 
indeed cells from most other tissues, increased with increasing ploidy of the animal 
(Fankhauser, 1945). Strikingly, this study also revealed that neither organ size nor the body 
size of salamanders were altered in animals of different ploidies (Fankhauser, 1945). 
Similarly, nuclear volumes of cells within different tissues of tetraploid mice were twice the 
size of nuclei in diploid mice and again, regardless of ploidy, organ and body sizes of mice 
were unchanged (Henery et al., 1992). The basis for this compensation mechanism whereby 
organisms regulate cell number to compensate for increased cell size to maintain body size is 
unknown. These results clearly indicate that the coordination between cell growth and cell 
division includes multiple layers of regulation. These processes must be intricately regulated 
at the level of individual cells, organs, and the entire organism. 
4.2 The existence of a cell size threshold 
The size of an individual cell is dictated by its size at birth, how much it growths, and 
its status with respect to cell division. Early cell biological studies suggested that proliferating 
cells that fail to accumulate sufficient mass or attain a certain volume cannot proceed into the 
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division cycle. These observations and several other lines of evidence acquired since then, led 
to the proposition of the existence of a cell size threshold that must be achieved for a cell to 
trigger division. 
The first indication for such a threshold came from a classical experiment performed in 
the unicellular organism Amoeba proteus. In his experiment, Hartmann periodically removed 
part of the cytoplasm of the cell preventing the ablated cell from dividing over 150 days 
(Hartmann, 1926). This remarkable experiment was later repeated by Prescott on a shorter 
timescale, which confirmed the results of Hartmann (Prescott, 1956a; Prescott, 1956b). In both 
experiments, Ameoba failed to divide upon removal of cytoplasmic content (Hartmann, 1926; 
Prescott, 1956a; Prescott, 1956b). Ablated Ameoba continued to grow but were of smaller 
sizes when compared to un-ablated equivalents (Prescott, 1956a; Prescott, 1956b). This simple 
experiment suggested that Ameoba needed to accumulate sufficient mass, volume or protein 
content before committing into division. Twelve years later, Donachie observed that E. coli 
cells individually growing reached initiation of DNA synthesis at similar sizes. He explained 
this observation by proposing that bacterial cells, like Ameoba, needed to gain sufficient mass 
before replicating their genome (Donachie, 1968). 




Figure 4.2 Cell growth in G1 to reach the cell size threshold and trigger S phase entry 
Schematic depicting small cells at birth (red cells) that grow in G1 until they achieve sufficient 
growth (green cells) and pass a cell size threshold to trigger S phase entry. Adapted from 
(Ginzberg et al., 2015). 
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4.2.1 A critical cell size in yeasts 
In the early 1970’s, a seminal discovery made by Paul Nurse in the fission yeast 
Schizosaccharomyces pombe (S. pombe) and Lee Hartwell in the budding yeast S. cerevisiae 
propelled cell size studies in single-celled eukaryotes. Nurse and Hartwell sought to identify 
genetic mutations, in S. pombe and S. cerevisiae respectively, that led to the arrest of cells in 
different phases of the cell cycle. Many such genes were identified and accordingly named cell 
division cycle (CDC in S. cerevisiae and cdc in S. pombe) genes (Hartwell et al., 1970; 
Hartwell et al., 1973; Nurse, 1975). Following this discovery, Nurse, Fantes and Hartwell 
utilized these mutants to investigate the relationship between cell growth and cell division in 
both fission and budding yeast cells (Fantes, 1977; Hartwell et al., 1970; Hartwell et al., 1973; 
Nurse, 1975) 
In the budding yeast, Hartwell and colleagues showed that cells with deficient cell 
division cycles continued to grow (Hartwell et al., 1970; Hartwell et al., 1973). Cdc mutant 
yeast cells reached volumes two- to three-fold greater than their wild type equivalents 
(Hartwell et al., 1970; Hartwell et al., 1973). Moreover, cells deprived of nutrients arrested in 
the early growth phase of the cell cycle (G1) suggesting insufficient mass or volume 
acquisition prevented cell cycle progression (Hartwell et al., 1970; Hartwell et al., 1973). 
Hartwell and colleagues were the first to infer that yeast cells needed to reach a “critical size” 
in order to proceed in the early events of cell division (Johnston et al., 1977). This work 
provided the first strong indication that yeast cells possess a cell size threshold (Figure 4.2). 
They named “Start” the commitment of budding yeast cells to cell division upon achieving 
this critical size at the end of G1 and subsequently showed that once past Start cells became 
refractory to arrest by mating pheromone (Johnston et al., 1977). 
The work of Hartwell and colleagues led to an additional influential discovery. Since 
yeast cells with defective cell division genes kept on growing, the authors concluded that cell 
growth and cell division were largely separable processes. More recent work has shown that 
cells that grow to extreme sizes can actually inhibit division (Goranov et al., 2009). 
Nonetheless under physiological conditions, cell growth is the limiting factor for progression 
into the cell division cycle (Hartwell et al., 1970; Hartwell et al., 1973). These concepts are 
key to the understanding of cell size regulation and will be discussed in later sections. 
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4.2.2 A cell size threshold in animal cells 
Seminal work by Killander and Zetterberg provided evidence for the existence of a cell 
size threshold in mammalian cells. Their work in mouse fibroblasts showed that cells with 
lower initial masses extended their G1 phase compared to heavier cells that proceeded into 
DNA synthesis (S phase) more rapidly (Killander and Zetterberg, 1965). This important 
observation led to the proposition that fibroblasts, like yeast, needed to reach sufficient mass 
in order to proceed into cell division (Killander and Zetterberg, 1965).  
Several other groups provided supporting evidences for the existence of a size 
threshold in diverse mammalian cell types. Chinese hamster cells, oligodendrocytes, and 
mouse embryonic fibroblasts of smaller sizes increased the duration of the G1 phase to ensure 
sufficient total mass or volume was achieved to enter the division cycle (Gao and Raff, 1997; 
Kimball et al., 1971; Shields et al., 1978). In another experiment, when growth conditions 
were hampered by serum starvation or amino acid removal, Syrian hamster cells arrested in 
G1 and became quiescent a process that was reversed upon restoration of normal growth 
conditions (Pardee, 1974). This led to the proposition that mammalian cells possessed a 
“Restriction Point” analogous to Start in yeasts (Pardee, 1974). These results suggest that 
mammalian cells need to achieve sufficient growth to commit to cell division (Figure 4.2). 
This notion of a cell size threshold has been challenged by Raff and colleagues, who suggested 
that oligodendrocytes achieved cell size homeostasis by a mechanism of passive growth 
(Conlon and Raff, 2003; Lloyd, 2013). 
4.3 Cell size regulation in budding yeast 
Most of the current knowledge on how cells regulate their size comes from studies in 
yeasts. This model organism provided several advantages including ease of manipulation, 
well-established genetics and a relatively simple architecture. Studies in both budding yeast 
and fission yeast have generated a wealth of knowledge and a conceptual framework for cell 
size regulation at both the cellular and molecular levels, which has provided the foundation for 
work in higher eukaryotes. In the following sections, the molecular components involved in 
coordinating cell size in budding yeast are described. 
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4.3.1 Environmental conditions modulate cell growth 
Proliferating cells need to achieve a sufficient amount of growth before committing 
into cell division (Figure 4.2). Early studies in yeast showed that environmental factors 
influence cell growth. Nurse and Fantes provided compelling evidences with experiments with 
S. pombe (Fantes and Nurse, 1977; Fantes, 1977). In their experiments, they investigated 
growth rates of fission yeasts under different culture conditions. Cells grown in glucose-rich 
media showed increased growth rates compared to yeast cells grown in nutrient-poor 
(glycerol) conditions (Fantes, 1977). Interestingly, changing growth conditions led to a rapid 
adjustment in growth rates of fission yeast cells (Fantes, 1977). For instance, cells shifted from 
nutrient-poor to a nutrient-rich media rapidly augmented cell growth during G1 (Fantes, 
1977). In addition, fission yeast grown at lower temperatures were smaller and slower growing 
compared to larger fast-growing yeasts cultured at higher temperatures (Fantes and Nurse, 
1977; Johnston et al., 1977). Thus, environmental conditions directly impact cell growth in 
fission yeasts. Similar results to those of Nurse and Fantes were obtained in budding yeast. 
Cells grown in the presence of rich nutrients, such as glucose, exhibited an increased size and 
growth rate. Conversely, cells grown in nutrients-poor media (glycerol) were smaller and 
exhibited slower growth rates (Johnston et al., 1977). Altogether, these findings illustrated the 
modulation of yeast cell growth and size by environmental conditions consistent with the 
notion that cell size is optimized to maximize fitness under different growth conditions 
(Jorgensen and Tyers, 2004). 
4.3.2 Identification of the first cell size mutants in yeast 
In the 1970’s, genetic mutations resulting in small cell size phenotypes were first 
isolated in the fission yeast by Nurse and Fantes. These mutants were termed “wee”, for small 
in Scottish English (Fantes and Nurse, 1977). Following this discovery, Bruce Carter and Peter 
Sudbery sought to identify analogous small mutants in S. cerevisiae and indeed isolated strains 
with a small cell size phenotype (Sudbery et al., 1980). These mutants were termed “Whi” for 
the bottle of whiskey bet on their successful isolation (Sudbery, 2002). 
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4.3.3 Start architecture 
The G1 to S phase transition in budding yeast is orchestrated at the level of 
transcription. Two partially redundant transcription factors, called SBF and MBF coordinate 
the expression of over 200 genes implicated in budding, DNA replication and other processes 
at Start: SBF is composed of Swi4 and Swi6, whereas MBF is composed of Mbp1 and Swi6 
(Baetz and Andrews, 1999; Bean et al., 2005; Dirick and Nasmyth, 1991; Iyer et al., 2001; 
Koch et al., 1993; Sidorova and Breeden, 1993; Simon et al., 2001). SBF and MBF exhibit 
functional overlap in transcriptional regulation as illustrated by the lethal G1 arrest of a swi4D 
swi6D or swi4D mbp1D double mutant (Dirick and Nasmyth, 1991; Koch et al., 1993). These 
transcriptional activators of Start must be repressed in G1 phase to prevent early entry into 
division under conditions of insufficient growth. Whi5 is an important repressor of Start that 
prevents activation of the SBF complex (Costanzo et al., 2004; de Bruin et al., 2004; 
Jorgensen et al., 2002; Jorgensen et al., 2004). Yeast cells deleted for WHI5 are small owing 
to the inability of the cell to repress Start in its absence (Jorgensen et al., 2002; Jorgensen et 
al., 2004). Nrm1 acts as an analogous repressor for the MBF after cells have passed Start (de 
Bruin et al., 2006). In turn, the MBF complex acts on Nrm1 to restrict transcription at the G1-
S phase transition (de Bruin et al., 2008; de Bruin et al., 2006). MBF accumulates in G1 and at 
the DNA replication checkpoint, MBF expression peaks promoting Nrm1 inactivation and in 
turn activation of MBF-dependent transcription (de Bruin et al., 2008). In sum, early entry into 
Start is prevented by negative regulation of SBF/MBF transcription factors. 
 Commitment into Start requires that repression of SBF/MBF is alleviated in G1. This 
is achieved through the action of the partially redundant G1 cyclins, namely Cln1, Cln2 and 
Cln3 (Jorgensen and Tyers, 2004). These cyclins act in a dose-dependent manner to promote 
entry into Start by activation of the Cdk1 kinase (Cdc28) responsible for entry into S phase of 
the cell cycle (Cross, 1988; Dirick et al., 1995; Hadwiger et al., 1989; Nash et al., 1988; 
Richardson et al., 1989; Tyers et al., 1993). Cln3 was originally identified as WHI-1, the first 
cell size mutant in budding yeast (Sudbery et al., 1980) and is an essential regulator of Start 
acting upstream of Cln1/2 as an activator of the SBF complex (Tyers et al., 1993). Subsequent 
SBF activation occurs via phosphorylation of the Whi5 repressor and Swi6 (Costanzo et al., 
2004; de Bruin et al., 2004). SBF activation occurs at CLN1/2 promoters further perpetuating 
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the Start signal in a positive feedback loop (Skotheim et al., 2008). A number of additional 
factors, including histone deacetylases and the transcriptional regulator Bck2, also contribute 
to the timing of G1/S transcription (Futcher, 2006). These studies in yeast helped to establish a 
framework for understanding cell size regulation in higher eukaryotes. 
4.3.4 Systematic screens for size regulators in yeast 
The development of a comprehensive set of deletion strains for every gene in S. 
cerevisiae (Winzeler et al., 1999) allowed the systematic identification of genes that affect 
yeast cell size. The Tyers groups carried out the first global analysis of yeast cell size with the 
deletion collection (Jorgensen et al., 2002). Using this collection, the authors quantitatively 
assessed each of the 6,000 deletion strains for effects on cell size in exponentially growing 
cultures (Jorgensen et al., 2002). This influential work revealed that 10% of gene deletions 
resulted in a cell size phenotype (Jorgensen et al., 2002). A parallel large-scale study, 
performed with stationary phase diploid yeast cultures, identified a similarly large set of genes 
that affect cell size (Zhang et al., 2002). Subsequent studies revealed additional gene deletion 
strains that alter the yeast cell size (Dungrawala et al., 2012). 
Amongst gene deletions associated with a cell size phenotype, many were found to 
participate in ribosome biogenesis (Dungrawala et al., 2012; Jorgensen et al., 2002). Amongst 
these were the genes Sfp1 and Sch9 that when depleted caused a dramatic reduction in yeast 
cell size (Jorgensen et al., 2002). The transcription factor Sfp1 was identified as an important 
regulator of ribosomal protein and ribosome biogenesis genes and found to act as a sensor of 
the nutritional status of yeast cells (Jorgensen et al., 2002; Jorgensen et al., 2004; Lempiainen 
et al., 2009). Further characterization of the Sch9 gene revealed its involvement in ribosomal 
protein gene in parallel to Sfp1 (Jorgensen et al., 2002; Jorgensen et al., 2004; Urban et al., 
2007). Sfp1 and Sch9 were subsequently identified as downstream regulators of the yeast 
target of rapamycin (TOR) gene (Jorgensen et al., 2004; Lempiainen et al., 2009; Urban et al., 
2007). TOR is conserved from yeast to mammals and will be described in more detail in a 
later section (Gonzalez and Rallis, 2017). In budding yeast, the TOR network responds to 
nutrients and regulates ribosomal production and translational output via Sfp1 and Sch9 
(Jorgensen et al., 2004; Lempiainen et al., 2009; Loewith and Hall, 2011; Singh and Tyers, 
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2009; Urban et al., 2007). The strong effect of ribosome biogenesis rate, but not protein 
translation rate per se, on the timing of Start suggested that the process of building ribosomes 
is linked to the G1/S cell cycle machinery (Jorgensen et al., 2004). As over 50% of the cell’s 
biosynthetic capacity is directed towards the production of ribosomal RNA and protein, this 
model links the main requirements for growth to cell cycle commitment (Jorgensen and Tyers, 
2004). 
4.4 Mammalian cell size regulation 
The discovery that molecular regulators of cell size in unicellular organisms were 
highly conserved, was important for subsequent studies in higher eukaryotes. In the following 
sections, molecular regulators of metazoan cell growth and cell proliferation will be first 
addressed separately. Later emphasis will be given to the increasing knowledge reconciling 
growth and cell division in mammalian systems. Finally, the lack of tools to perform large-
scale studies that interrogate molecular regulators of size in mammalian cells will be discussed 
in the last section. 
4.4.1 Mammalian cell growth 
The presence of both nutrients and growth factors are required to promote an increase 
in mammalian cell size (Rathmell et al., 2000). Rathmell and colleagues showed that 
lymphocytes grown in nutrient-rich environments deprived of growth factors decreased in size 
and presented slower metabolism over time (Rathmell et al., 2000). Neurons also showed a 
marked reduction in size upon growth factor deprivation (Purves et al., 1988). Rat Schwann 
cells increased in size upon stimulation by insulin growth factors, as do many other 
mammalian cell types (Conlon et al., 2001). These studies demonstrated that mammalian cell 
growth requires the presence of growth factors. The majority of mammalian growth factors 
come in the form of growth hormones, including insulin (Lloyd, 2013). Some cell types 
require specific growth factors, such as neurotrophic factors for neurons and interleukins for 
lymphocytes (Lloyd, 2013). At the molecular level, growth factors trigger a cascade of events 
that ultimately result in cell growth modulation. A central player to the regulation of 
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mammalian cell growth is the mechanistic target of rapamycin (mTOR) gene, described in 
detail in the following section. 
4.4.2 The target of rapamycin (TOR) growth regulatory network 
TOR was first discovered in budding yeast, with the identification of TOR-1 and TOR-
2 mutants that conferred resistance to the antifungal drug rapamycin (Heitman et al., 1991). 
Simultaneous inhibition of both yeast TOR genes caused a similar phenotype to nutrient 
deprivation (Barbet et al., 1996). Budding yeast cells treated with rapamycin arrest in G1 
phase and enter quiescence (Barbet et al., 1996; Loewith et al., 2002). TOR function in growth 
regulation is conserved from yeast to humans (De Virgilio and Loewith, 2006; Loewith et al., 
2002; Wullschleger et al., 2006). Growth modulation by TOR is important during 
development. C. elegans (ceTOR) and Drosophila (dTOR) mutants exhibit arrested 
development or severe developmental retardation, respectively (Long et al., 2002; Oldham et 
al., 2000). Embryos of mTOR-null mice die at an early stage of development due to severe 
cell growth defects (Gangloff et al., 2004). These findings support the important role of TOR 
in coordinating growth required for organism development (Gangloff et al., 2004; Long et al., 
2002; Oldham et al., 2000). 
Mammals possess a single TOR gene (mTOR) with a conserved sensitivity to 
rapamycin inhibition (Jefferies et al., 1997). However, mTOR functions as part of two 
different complexes, namely the mTOR complex 1 (mTORC1) and the mTOR complex 2 
(mTORC2) (Laplante and Sabatini, 2013). mTORC1 is implicated in the control of 
macromolecular synthesis and is inhibited by rapamycin treatment, whilst mTORC2 functions 
in actin-dependent growth modulation (Zoncu et al., 2011). mTORC1 regulates several central 
metabolic processes, including mRNA translation, ribosome biogenesis, lipid synthesis and 
autophagy (Loewith and Hall, 2011; Sengupta et al., 2010; Wullschleger et al., 2006; Zoncu et 
al., 2011). 
Importantly, mTORC1 functions as the central modulator of growth by sensing 
nutrients, growth factors, stress, oxygen and energy levels of the cell (Figure 4.4.3) (Loewith 
and Hall, 2011; Sengupta et al., 2010; Wullschleger et al., 2006; Zoncu et al., 2011). Under 
favorable growth conditions, mTORC1 promotes protein translation, suppresses autophagy 
 
 81 
and activates transcription factors implicated in lipid synthesis and mitochondrial metabolism 
(Gonzalez and Rallis, 2017). mTORC1 stimulates anabolic processes such as ribosome 
translation and shuts down anabolic processes, including autophagy, to promote overall cell 
growth (Gonzalez and Rallis, 2017). Many studies have led to the identification of the 
molecular constituents associated with mTORC1 that coordinate mammalian cell growth, as 
described in the next section. 
4.4.3 Signaling through mTORC1 
The signaling pathways coordinating mammalian cell growth through mTORC1 have 
been well characterized. At the heart of this regulatory program is the PI3K/Akt signaling 
pathway. PI3K is activated upon binding of insulin or insulin growth factors to the insulin 
receptor, as well as upon the stimulation by other growth factor receptors (Figure 4.4.3.) 
(Leevers et al., 1996). The involvement of PI3K in growth control was shown by work in 
Drosophila. Null mutant flies for the PI3K Drosophila ortholog Dp110 and its adaptor protein 
p60 had smaller cells and showed aberrant cell numbers resulting in imaginal disc 
compartments of smaller sizes (Weinkove et al., 1999). PI3K promotes the conversion of the 
signaling lipid phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) (Leevers et al., 1996). The phosphatase PTEN antagonizes this process, 
thereby acting as a negative regulator of cell growth (Figure 4.4.3) (Backman et al., 2002). 
This lipid conversion at the plasma membrane stimulates the activation of Akt. 
Akt is a key component to this signaling cascade, as it positively regulates cell growth 
(Figure 4.4.3). A study in Drosophila reported increased cell size in the wing imaginal disc 
upon Akt (Dakt1) overexpression (Verdu et al., 1999). A conserved function for Akt in 
mammalian cells was revealed by the observation of enlarged cardiac myocytes in transgenic 
mice harboring a constitutively active form of Akt (Shioi et al., 2002). Akt promotes cell 
growth by inhibiting the activity of the Tuberous Sclerosis Complex (TSC), a heterodimer of 
the TSC1 and TSC2 genes (Figure 4.4.3). Two simultaneous studies demonstrated the activity 
of Akt towards TSC1 and TSC2 genes (Inoki et al., 2002; Potter et al., 2002). Inoki and 
colleagues showed that Akt directly phosphorylated TSC2 in vitro, an event required for 
mTORC1 stimulation (Inoki et al., 2002). Potter and colleagues also reported TSC2 
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phosphorylation by Akt in vitro and demonstrated the importance of this interaction in vivo 
(Potter et al., 2002). Dakt1 overexpression caused an increase in Drosophila eye size; a 
phenotype partially rescued by the concomitant expression of TSC1 and TSC2 genes (Potter et 
al., 2002). This result suggested that TSC1 and TSC2 were negative regulators of cell growth. 
Another study in Drosophila revealed the involvement of the GTPase Rheb in cell size 
regulation (Saucedo et al., 2003). Rheb overexpression in Drosophila wing cells led to an 
increase in cell size (Saucedo et al., 2003). Epitasis analysis suggested that Rheb acted 
upstream of mTORC1 but downstream of TSC genes (Saucedo et al., 2003). Indeed, TSC1 
and TCS2 in vitro expression promoted a decrease in Rheb activity towards mTORC1 (Inoki 
et al., 2003; Zhang et al., 2003). This result illustrated that TSC1 and TSC2 genes acted as 
negative regulators of Rheb activity. Therefore, the growth factor sensing branch of mTORC1 
signaling requires inhibition of TCS1 and TCS2 genes by AKT that in turn promotes GTP-
bound Rheb activity towards mTORC1 (Figure 4.4.3). 
mTORC1 is also responsive to the nutritional status of the cell. Amino acids supplied 
to the cell can promote mTORC1 activity (Hara et al., 1998). Nutrient sensing through 
mTORC1 involves different molecular constituents than for growth factor-dependent 
signaling. Key regulators of the amino acid sensing branch of mTORC1 are Rag GTPases. 
Mammals possess four Rag genes, namely RagA through -D (Sancak et al., 2008). Rag 
proteins form heterodimers composed of one RagA or RagB and one RagC or RagD molecule 
(Sancak et al., 2008). Immunostaining experiments revealed that Rag heterodimers localized at 
lysosomal membranes independently of amino acid levels (Sancak et al., 2010; Sancak et al., 
2008). In their active state (GTP-bound), Rag GTPases promoted the recruitment of mTORC1 
at the lysosome (Sancak et al., 2010; Sancak et al., 2008). mTORC1 recruitment at the 
lysosomal membrane is required for growth stimulation by the presence of growth factors. 
Several complexes act upstream of mTORC1 as part of the amino acids sensing 
signaling branch. Co-immunoprecipitation of Rag proteins followed by mass spectrometry 
analysis revealed the identity of the Ragulator complex (Figure 4.4.3) (Bar-Peled et al., 2012; 
Sancak et al., 2010). This complex includes five members (LAMTOR1-5 genes) that are 
responsible for recruiting Rag proteins at the lysosome (Bar-Peled et al., 2012; Sancak et al., 
2010). The Ragulator complex acts as a GEF for RagA and RagB promoting their activity 
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towards mTORC1 (Bar-Peled et al., 2012). Depletion of Ragulator components by RNAi 
reduced the diameter of mammalian cells compared to controls (Bar-Peled et al., 2012; Sancak 
et al., 2010). These studies demonstrated that the Ragulator complex was a positive regulator 
of growth through mTORC1. 
Mass spectrometry analysis of proteins associated with RagB revealed the presence of 
the GATOR complex upstream of mTORC1. Epistasis and cell size analysis suggested the 
presence of two distinct GATOR complexes (Bar-Peled et al., 2013). Members of the 
GATOR2 complex were identified in co-immunoprecipitation experiments and include MIOS, 
WDR24, WDR59, Seh1L and Sec13 (Bar-Peled et al., 2013). Members of the GATOR1 
complex include DEPDC5, NPRL2 and NPRL3 genes (Bar-Peled et al., 2013). Mammalian 
cultured cells depleted of GATOR1 complex components individually showed increased cell 
diameters (Bar-Peled et al., 2013). Conversely, reduced activity of members of the GATOR2 
complex, such as MIOS, caused a decrease in cell size, illustrating the antagonistic function of 
these two complexes. Therefore, the GATOR2 complex acts as an activator of mTORC1 by 
inhibiting the GATOR1 complex to stimulate growth upon amino acids availability (Figure 
4.2). 
In sum, the amino acid-sensing branch upstream of mTORC1 involves the activation of 
Rag proteins by the Ragulator and GATOR complexes (Figure 4.4.3). The Ragulator complex 
both recruits and participates in the activation of Rag proteins at the lysosomal surface (Figure 
4.4.3). Amino acid sensing by the GATOR2 complex triggers the inhibition of the GATOR1 
complex to keep Rag proteins in their GTP-bound state (Figure 4.4.3). The presence of growth 
factors activates mTORC1 at the lysosome to promote anabolic processes, including protein 
synthesis to stimulate growth (Figure 4.4.3). This recapitulates the events upstream of 
mTORC1. 
Two key components relay information downstream of mTORC1. These conserved 
downstream targets of mTORC1 are the S6 kinase 1 (S6K1) and the eukaryotic translation 
initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) (Figure 4.4.3). mTORC1 
phosphorylation of S6K1 and 4E-BP1 promotes their activation (Laplante and Sabatini, 2013; 
Ma and Blenis, 2009). Activated 4E-BP1 associates with the eIF4F complex to promote cap-
dependent mRNA translation (Hara et al., 1998; Jefferies et al., 1997; Pende et al., 2004). 
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S6K1 activity also stimulates cap-dependent translation initiation by activating eIF4B and 
targets other effectors to promote protein synthesis (Hara et al., 1998; Jefferies et al., 1997; 
Pende et al., 2004). 
The important role of S6K1 in growth control was supported by the observation of 
severe cell size defects caused by its loss-of-function. The few surviving S6K-null flies were 
tiny, reflected by an approximate 30% decrease in cell size (Montagne et al., 1999). Mammals 
possess two S6K genes (S6K1 and S6K2). Mice with homozygous deletions of both genes are 
inviable (Pende et al., 2004). However, S6K1-null mice are viable but are 15 to 20% smaller 
in size compared to wild type littermates (Shima et al., 1998). Thus, S6K1 is a key 
downstream regulator of mTORC1 signaling required for proper cell growth. 
Altogether, these results define the known molecular regulators of cell growth through 
mTORC1 signaling. These signaling events are crucial for proper cell growth coordination and 
when de-regulated can lead to disease states. For example, several mTORC1 network 
constituents are frequently involved in oncogenic transformation. PI3K and Akt act as 
oncogenes and are often found to be constitutively active in human cancers (Laplante and 
Sabatini, 2013). In addition, TSC1/2 and PTEN, amongst others, can act as tumor suppressors 
(Backman et al., 2002; Bar-Peled et al., 2013). As previously mentioned (Chapter 1), 
mutations in TSC1/2 genes cause tuberous sclerosis where patients often present brain tumors 
(Goto et al., 2011). PTEN was originally discovered as a tumor suppressor frequently mutated 
in several types of cancer, including breast, kidney and glioblastomas (Backman et al., 2002). 
As a final example, cancer patients with loss of p53 function often present elevated mTORC1 
levels (Laplante and Sabatini, 2013). These examples illustrate the importance of proper 
growth control through the mTORC1 network. 
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Figure 4.4.3 The molecular regulators of cell growth through mTORC1 signaling 
Growth factors sensing via the PI3K/Akt signaling branch of mTORC1. Akt mediates the 
inhibition of TSC1/2 genes required for Rheb activation. The amino acid sensing branch 
depends on the GATOR complexes and the Ragulator complex for the activation of Rag 
GTPases and subsequent recruitment of mTORC1 at the lysosomal surface. The downstream 
mTORC1 targets S6K1 and 4E-BP1 to promote protein synthesis under favorable growth 
conditions. Adapted from (Guertin and Sabatini, 2006). 
4.4.4 MYC participates in cell growth regulation 
The MYC transcription factor also participates in metazoan cell growth regulation. The 
Drosophila ortholog of the mammalian MYC gene (dmyc) contributes to cell growth 
regulation during development (Johnston et al., 1999). Johnston and colleagues showed that 
dmyc mutant flies were smaller and had smaller wing cells (Johnston et al., 1999). Conversely, 
dmyc overexpression increased cell size without altering cell proliferation (Johnston et al., 
 
 86 
1999). Therefore, a role for dmyc in promoting cell growth was suggested (Johnston et al., 
1999). Further investigation revealed that dmyc overexpression stimulated translation to 
increase ribosomal content (Grewal et al., 2005). These studies provided evidences of dmyc 
function as a regulator of cell growth. 
Around the same time, work with B-lymphocytes supported a role for C-MYC in cell 
growth control. Iritani and Eisenman found that C-MYC overexpression increased B-
lymphocyte size at all stages of differentiation and in all phases of the cell cycle (Iritani and 
Eisenman, 1999). Kim and colleagues also reported mice hepatocyte enlargement following 
exogenous C-MYC expression and observed an increase in ribosomal protein content 
following C-MYC overexpression (Kim et al., 2000). MYC associates with a variety of other 
effectors, including its obligate co-activator MAX, to induce transcription of a host of that 
gene that promotes cell proliferation (Adhikary and Eilers, 2005). At an overall functional 
level, MYC is the equivalent of the Sfp1 transcription factor in yeast (Jorgensen et al., 2004). 
The conserved transcriptional regulation of ribosome biogenesis underscores the central role 
of this process in cell growth regulation. 
4.4.5 Metazoan cell cycle control 
Cyclin-dependent kinases (CDKs) are conserved master regulators of the eukaryotic 
cell division cycle (Malumbres, 2014). Humans possess twenty distinct CDK enzymes 
whereas budding yeast only have six CDK family members (Malumbres, 2014). CDK 
activation requires association with the cyclins, which are obligate activators of the kinase 
catabolic domain. For instance, cyclin D associates with CDK4 and CDK6 to promote 
phosphorylation and subsequent inhibition of the retinoblastoma (Rb) gene required for entry 
into S-phase (Malumbres, 2014). CDK enzymes are subject to additional layers of regulation 
including suppression by inhibitory subunits and positive and negative phosphorylation events 
(Heim et al., 2017). In mammals, genetic loss of CDK1 inhibits cell proliferation (Santamaria 
et al., 2007). Organ hyperplasia and gigantism in mice was observed following p27 (CDK 
inhibitor 1B) deletion (Fero et al., 1996). p27 loss-of-function accelerated entry into S phase 
resulting in an increase in cell number rather than cell size (Fero et al., 1996). 
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The primary functions of the CDK enzymes are to activate G1/S transcription, to 
initiate DNA replication and to trigger various events associated with mitosis (Malumbres, 
2014). With respect to G1/S regulation, once activated at the end of G1 phase, the CDK4/6 
complexes phosphorylate the Rb tumor suppressor to alleviate repression of the E2F 
transcription factors that drive G1/S gene expression (Heim et al., 2017). This regulatory 
architecture is functionally analogous to the Cln2-Whi5-SBF pathway in yeast (Costanzo et 
al., 2004; de Bruin et al., 2004). The function of these conserved regulators of the cell cycle, 
including CDK1, the E2F transcription factors and Rb have been extensively studied in 
humans and metazoan systems. For example in flies, cells mutated for the transcription factor 
E2F (dE2F in Drosophila) underwent reduced proliferation over time (Weigmann et al., 
1997). However, in the fly wing and imaginal disc, these cells continued to grow in size 
leading to an increase in cell volume to sustain organ size (Neufeld et al., 1998; Weigmann et 
al., 1997). Conversely, mutants for the Drosophila ortholog of the Rb gene (dRb) exhibited 
increased proliferation (Neufeld and Edgar, 1998). These functions are highly conserved in 
mammals, where Rb acts as a negative regulator of cell cycle progression that is inactivated at 
the G1-S phase transition upon CDK-mediated phosphorylation to promote E2F transcription 
(Lloyd, 2013). 
4.5 Reconciling the coordination of growth with division 
Most studies have addressed the molecular circuitry that regulates cell growth and cell 
proliferation separately. The achievement of cell size homeostasis depends on the tight 
coordination between cell growth and cell division. In the last ten years, several groups have 
developed improved experimental methods to precisely measure cell volume or mass to assess 
the kinetics of growth in individual mammalian cells. These studies will be described below. 
Higher temporal resolution of cell growth throughout the different phases of the cell cycle has 




4.5.1 Measuring growth rates 
Improved techniques have been developed to measure the growth of individual 
mammalian cells over time, i.e. growth rate. Experimental approaches and mathematical 
calculations were combined to obtain quantitative measurements of mammalian cell volume as 
a function of either cell size or cell cycle position (Tzur et al., 2009). This analysis indicated 
that mouse and human lymphoblastic cells exhibited increased growth rates in G1 (Tzur et al., 
2009). This is consistent with the notion that cells need to achieve sufficient growth before 
they can trigger cell division (Jorgensen and Tyers, 2004). However, despite considerable 
evidence, the concept of a size threshold per se has remained somewhat controversial (Lloyd, 
2013) 
In another approach, a microchannel mass-sensing device was developed to measure 
growth rates in different organisms (Godin et al., 2010). The buoyant mass of individual cells 
was measured over time by assessing resonance frequencies of cells trapped in the 
microchannel. Using this system, an increase in mass over time was reported in E. coli, S. 
cerevisiae and mouse lymphoblastic cells. In a later study, fine-tuning of the system led to 
improved mass measurements and over the entire cell cycle (Son et al., 2012). Supporting 
previous findings by Kafri and colleagues, these authors reported an increase in growth rate 
early in G1 (Son et al., 2012). As lymphoblastic cells approached S phase growth was slowed 
(Son et al, 2012). The authors observed a negative correlation between the growth rate in early 
G1 and the time at the G1-S phase transition (Son et al., 2012). Altogether, these studies 
provided insights onto the kinetics of growth of individual mammalian cells (Godin et al., 
2010; Son et al., 2012). 
In a different study, Park and colleagues acquired cell mass data over time for adherent 
cells grown on resonant sensors (Park et al., 2010). Measuring resonant frequencies over time 
revealed that individually growing colon cancer cells increased their mass over time (Park et 
al., 2010). Furthermore, cells that were heavier at birth presented increased growth rates 
compared to their smaller equivalents (Park et al., 2010). This result suggested that growth 
was proportional to initial cell size. 
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In a more recent study, growth rates at high temporal resolution were investigated 
(Kafri et al., 2013). Images of DNA content (DAPI), total protein content (succinimidyl ester) 
and cell cycle progression (mAG-hGEM) were acquired for a large set of individual HeLa and 
retinal pigment epithelial cells. A mathematical method called ergodic rate analysis (ERA) 
was applied to the data to confirm previous observations that the mass increased as cells 
progressed into the cell cycle (Kafri et al., 2013). This mathematical analysis also led to the 
proposition that the growth rate regressed at the G1-S phase transition (Kafri et al., 2013). This 
counter-intuitive observation suggests that cells possess a negative feedback mechanism to 
coordinate growth and closely modulate it (Kafri et al., 2013). Altogether, these studies 
suggest complex feedback mechanisms have evolved to allow the cell to coordinate cell 
growth with entry into the cell division cycle. 
4.6 Knowledge gaps in mammalian cell size regulation 
Large-scale analysis with the budding yeast deletion collection revealed the identity of 
numerous genes that affect yeast cell size (Dungrawala et al., 2012; Jorgensen et al., 2002; 
Zhang et al., 2002). Several findings illustrated the conserved nature of many of these genes, 
including TOR and its downstream targets, and propelled cell size studies in higher eukaryotes 
(De Virgilio and Loewith, 2006; Jorgensen et al., 2004). However, this list of conserved genes 
that participate in mammalian cell growth and cell division control has remained highly 
incomplete, due in part to the absence of robust genetic approaches in mammalian cells. An 
unexplored area of the mammalian cell size field is thus to interrogate the identity of 
additional genetics regulators of cell size at the genome scale. Large-scale screens that 
systematically address genes deletions that affect cell size, conceptually similar to those 
performed in budding yeast have yet to be undertaken in mammalian cells. 
A global analysis of cell size regulators was reported in Drosophila S2 cultured cells 
using RNAi-based methods (Bjorklund et al., 2006). This study identified known regulators of 
cell cycle progression, including several CDKs, E2F transcription factors, Rb and MYC, as 
well as new functions (Bjorklund et al., 2006). The absence of large-scale studies on genes 
that affect cell size in mammalian cells can be attributed to the lack of tools to accurately 
assess gene function at a genomic scale. Genome-wide screens using small interfering RNA 
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(siRNA) or short hairpin RNA (shRNA) to silence gene often exhibit high rates of off-targets 
and variable degrees of gene depletion (Echeverri et al., 2006). From experience in the Tyers 
laboratory, large-scale analysis of cell size regulators in mammalian cells using shRNA 
methods resulted in largely non-reproducible hits that proved difficult or impossible to 
deconvolve (T. Bertomeu, unpublished). 
CRISPR/Cas9 gene editing technology has allowed robustly reproducible genome-
wide interrogation of gene function in human cells (Shalem et al., 2014; Wang et al., 2014; 
Zhou et al., 2014). This technology has permitted our group to perform a genome-wide screen 
to identify regulators of human cell size, which will be the topic of Chapter 6. First, I describe 
the CRISPR/Cas9 system, the many advantages it provides and the multitude of applications it 
has enabled. 
5 The CRISPR/Cas9 technology 
The discovery of the clustered regularly interspaced short palindromic repeats 
(CRISPR) system in bacteria has been exploited to allow sequence-specific genome editing in 
virtually all species, including humans. This technique holds incredible promise for 
applications in personalized medicine and targeted therapies, as well as in fundamental 
research. In the following sections, the CRISPR/Cas9 technology will be described, with 
emphasis on genome-scale interrogation of gene function in higher eukaryotes. 
5.1 CRISPR/Cas9 for precise gene editing 
The CRISPR/Cas system is derived from the bacterial adaptive immune system 
(Brouns et al., 2008). Over the course of evolution, bacteria and archaea developed CRISPR 
for protection against foreign invaders (Brouns et al., 2008). Amongst the three types (I-III) of 
CRISPR systems, the type II derived from Streptococcus pyogenes is the best characterized 
(Cong et al., 2013; Jinek et al., 2012; Mali et al., 2013). The CRISPR/Cas system functions as 
an RNA-guided double-stranded DNA nuclease (Garneau et al., 2010), hence, it’s reference as 
a molecular scissor (Jiang and Doudna, 2017). The Cas enzyme (Cas9 in S. pyogenes) is the 
nuclease that cuts both DNA strands via two distinct domains, the RuvC and HNH domains 
(Figure 5.1) (Cong et al., 2013; Jinek et al., 2012; Mali et al., 2013). 
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Cas9 cuts DNA at a specific location guided by a short stretch of 20 nucleotides that 
associates with a guide RNA (Figure 5.1) (Jiang and Doudna, 2017). The single guide or 
synthetic guide RNA (sgRNA) includes the CRISPR RNA (crRNA) and the trans-activating 
CRISPR RNA (tracrRNA) (Cong et al., 2013; Jinek et al., 2012; Mali et al., 2013). The 
crRNA contains the 20-nucleotide sequence complementary to the target DNA and requires 
association with the scaffold tracrRNA for Cas9 activity (Cong et al., 2013; Jinek et al., 2012; 
Mali et al., 2013). Early improvements were made on the system by fusing of the two RNA 
components resulting in a single chimeric RNA known as the single guide or sgRNA (Cong et 
al., 2013; Jinek et al., 2012; Mali et al., 2013). An additional requirement of the system is that 
the target DNA sequence be flanked at the 3’ end by the Protospacer Adjacent Motif (PAM) 
sequence NGG specific to the type II system (Figure 5.1) (Cong et al., 2013; Jinek et al., 2012; 
Mali et al., 2013). Cas9 scans the DNA and the sgRNA pairs with the complementary DNA 
sequence for Cas9 to cut 3 to 4 nucleotides upstream of the PAM (Figure 5.1) (Jiang and 
Doudna, 2017). 
DNA double-strand breaks created by Cas9 leads to activation of DNA repair 
mechanisms. Homology-directed repair (HDR) is a major repair pathway based on templated 
homologous recombination (HR) (Liang et al., 1998). In mammalian cells, HR occurs at low 
and somewhat variable rates and is mostly active in dividing cells (Saleh-Gohari and Helleday, 
2004). In mammalian systems, HR is preferentially selected to repair DNA double-strand 
breaks when a donor template is provided (Ran et al., 2013). Otherwise, the cell utilizes non-
homologous end joining (NHEJ) to repair DNA breaks caused by Cas9 (Ran et al., 2013). 
NHEJ is error-prone and consequently insertions or deletions (indels) accumulate at the break 
site (Cong et al., 2013; Mali et al., 2013). This often results in frameshift mutations that can 
cause insertion of a premature strop codon and non-sense mediated decay with the end result 
of near complete inactivation of a specified target gene function (Cong et al., 2013; Mali et al., 
2013). 
The advantages of CRISPR/Cas9 were rapidly exploited for genome editing in higher 
eukaryotes. Only a year after the first demonstration of CRISPR/Cas9 precise editing (Jinek et 
al., 2012) two groups concomitantly engineered the system for function in mammalian cells 
(Cong et al., 2013; Mali et al., 2013). These groups created a codon-optimized version of the 
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Cas9 nuclease and sgRNA for expression in mammalian systems. Both groups successfully 
used CRISPR/Cas9 to generate DNA double-strand breaks at desired loci. They observed the 
presence of indels at the target site with higher frequencies than previous gene editing 
technologies, such as zinc fingers nucleases (ZFNs) and transcription activator-like effector 
nucleases (TALENs) (Cong et al., 2013; Mali et al., 2013). 
These groups provided compelling evidences for the greater versatility and flexibility 
of the CRISPR/Cas9 system (Cong et al., 2013; Mali et al., 2013)). Not only was it possible to 
generate loss-of-function mutations, it was also feasible to introduce specific DNA fragments, 
including GFP or other protein fusions, into a desired locus (Cong et al., 2013; Mali et al., 
2013). Indels could be efficiently generated in a diverse set of genes in several different cell 
lines (Cong et al., 2013; Mali et al., 2013). In sum, this seminal work established 
CRISPR/Cas9 as a novel tool that can be used to precisely and effectively modify any 
genome, including in humans (Cong et al., 2013; Garneau et al., 2010; Jinek et al., 2012; Mali 
et al., 2013). The CRISPR/Cas9 system confers many advantages, including simplicity of use, 
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Figure 5.1 The CRISPR/Cas9 system 
The Cas9 enzyme (orange) is brought to a specific site on the DNA by the sgRNA (yellow). 
The small 20 bp sgRNA (yellow) sequence binds to the complementary DNA sequence and 
the Cas9 enzyme generates a double-strand break 3 to 4 nucleotides upstream of the PAM 
sequence (blue). As the cell tries to repair the DNA double-strand break at this location, indels 
are introduced that can lead to frame-shift mutations or the introduction of a stop codon 
resulting in complete loss of gene function. Adapted from (Ran et al., 2013). 
5.2 Genome-wide CRISPR/Cas9 pooled screens 
The CRISPR/Cas9 technology immediately generated great interest in the functional 
genomics field because of the potential to rapidly interrogate gene function at a large-scale. 
Two groups were successful in performing large-scale loss-of-function screens in mammalian 
cells (Shalem et al., 2014; Wang et al., 2014). Shalem and colleagues created the GeCKO 
(Genome-scale CRISPR/Cas9 KO) library of sgRNAs targeting approximately 18,000 RefSeq 
genes with a coverage of 3 sgRNAs per gene (Shalem et al., 2014). Wang et al. targeted a 
smaller number of genes (approximately 7000) but with a higher coverage of 10 sgRNAs per 
genes and including 100 non-targeting sgRNAs as controls (Wang et al., 2014). Both sgRNA 
libraries were used in pools for global analysis of genetic functions. These groups observed 
high drop-out scores for classes of genes essential for cell proliferation and survival, including 
several RNA processing and ribosomal protein genes (Shalem et al., 2014; Wang et al., 2014). 
In another concomitant study, Zhou and colleagues performed a CRISPR/Cas9 pooled screen 
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using a subset of sgRNAs targeting 291 human genes of interest for resistance to specific 
toxins (Zhou et al., 2014). Altogether, these three studies laid the foundation for large-scale 
genomics studies in higher eukaryotes using the CRISPR/Cas9 technology. 
Gene deletion collections available in microorganisms allowed the establishment of a 
benchmark map of genes essential for cell fitness (Baryshnikova et al., 2010; Giaever et al., 
2002). However, the greater complexity of mammalian systems has made it difficult for 
researchers to define gene essentiality. Several research groups thus performed genome-wide 
loss-of-function CRISPR/Cas9 screens to identify genes conferring fitness defects in higher 
eukaryotes. Pooled libraries of sgRNAs with similar design but variable coverage, were 
utilized to screen several cell lines derived from different disease backgrounds. Wang and 
colleagues generated an improved version of their GeCKO library to target 18,000 genes for 
knockout in two chronic myeloid leukemia (KBM7 and K562) and two B lymphocyte-derived 
cell lines (Raji and Jiyoye) (Wang et al., 2015). In a similar study, Blomen and colleagues 
used a gene-trap system for large-scale gene inactivation in a haploid chronic myeloid 
leukemia-derived cell line (KBM7) and its non-hematopoietic derivative (HAP1) (Blomen et 
al., 2015). Hart and colleagues generated an sgRNA library targeting 17,661 human genes 
called the Totonto knockout (TKO) collection (Hart et al., 2015). This group screened for gene 
knockouts resulting in cell proliferation and growth defects in HeLa cells, two colon 
carcinoma cell lines HCT116 and DLD1, one retinal epithelial cell line RPE1, a melanoma 
cell line A375 and a glioblastoma-derived cell line GBM (Hart et al., 2015). 
Two groups performed further large-scale CRISPR/Cas9 pooled screens to identify 
genes required for cell viability. The first group screened 33 cancer cell lines with a library of 
sgRNAs targeting 19,050 genes (Aguirre et al., 2016). This work revealed an important factor 
to consider when performing deletion screens, namely that cells with too many un-repaired 
DNA double strand breaks caused by Cas9 cutting in genes with high copy number drop out of 
the pool irrespective of a function in cell viability (Aguirre et al., 2016). Munoz and 
colleagues confirmed this observation while performing loss-of-function screens in five 
different cell lines (Munoz et al., 2016). These screens helped better define the network of 
genes essential for optimal mammalian cell fitness and revealed a potential pitfall of 
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CRISPR/Cas9 screens that must be accounted for in all screens (Aguirre et al., 2016; Munoz et 
al., 2016). 
The Tyers groups developed an independent in-house extended knockout (EKO) 
library of 278,754 sgRNAs that targets 19,084 RefSeq annotated genes (Bertomeu et al., 
2017). The extended part of this sgRNA library includes 20,852 sgRNAs targeting alternative 
exons and 3,872 hypothetical genes (Bertomeu et al., 2017). This work contributed to a greater 
characterization of human genes essential for viability and cell fitness in a pre-B ALL-derived 
cell line called NALM-6 (Bertomeu et al., 2017). The extensive coverage of this library 
provided additional information on the potential functions of alternative exons and 
hypothetical genes (Bertomeu et al., 2017). 
All these libraries of sgRNAs were used in pooled CRISPR/Cas9 deletion screens to 
identify genes essential for optimal cell fitness (Aguirre et al., 2016; Bertomeu et al., 2017; 
Blomen et al., 2015; Hart et al., 2015; Munoz et al., 2016; Wang et al., 2015). These studies 
provided a comprehensive list of approximately 2,000 genes required for mammalian cell 
viability or optimal cell fitness in different cell line contexts. Important correlates of essential 
genes were revealed by these screens, including a high degree of gene conservation and a 
strong propensity for protein-protein interactions (Aguirre et al., 2016; Bertomeu et al., 2017; 
Blomen et al., 2015; Hart et al., 2015; Munoz et al., 2016; Wang et al., 2015). 
5.3 Applications of CRISPR/Cas9 
The immense potential of the CRISPR/Cas9 system can be exploited for studies in 
virtually any organism. Amongst model organisms commonly used in research, the application 
of the technology began in yeasts (DiCarlo et al., 2013), followed by Drosophila (Gratz et al., 
2013) and C. elegans (Friedland et al., 2013). CRISPR/Cas9 has also been implemented in 
zebrafish and mice, illustrating its potential for in vivo studies (Hwang et al., 2013a; Hwang et 
al., 2013b; Wang et al., 2013). Altogether, these many applications in different species 
illustrate the versatility of the CRISPR/Cas9 technology. 
The flexibility and versatility of the CRISPR/Cas9 system have been exploited in 
diverse context. For instance, CRISPR/Cas9 has been engineered to tag genes with fluorescent 
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proteins. Using the CRISPRainbow technology, inactive Cas9 can tag specific loci with 
fluorescent proteins coupled to sgRNAs (Ma et al., 2016). A group performed live imaging of 
up to six chromosomal loci simultaneously and in a single cell (Ma et al., 2016). In another 
application, CRISPR/Cas9 has been used to modulate transcription levels. Konermann and 
colleagues adapted the CRISPR/Cas9 system to boost transcription of target genes 
(Konermann et al., 2015). In another study, the technology was modified to efficiently repress 
transcription (CRISPRi) (Larson et al., 2013). Both technologies were used in pooled screens 
to better define gene functions associated with variations in expression levels, complementing 
pooled loss-of-functions screens (Gilbert et al., 2014). 
A main application of the CRISPR/Cas9 technology is for the identification of cancer-
specific vulnerabilities. A CRISPR/Cas9 pooled knockout screen in mice revealed the identity 
of several gene deletions that promote cancer cell proliferation and metastasis (Chen et al., 
2015). A pool of lung cancer cells with CRISPR/Cas9 gene knockouts was injected into 
immunocompromised mice that developed tumors that further metastasized (Chen et al., 
2015). Analysis of lung metastasis in these mice revealed enriched sgRNAs, including those 
targeting Nf2, Pten and Cdkn2a, all of which are known tumor suppressors (Chen et al., 2015). 
This in vivo screen identified loss of gene function associated with an acceleration of lung 
metastasis (Chen et al., 2015). Another genome-wide CRISPR/Cas9 pooled loss-of-function 
screen revealed the identity of genes essential for viability of glioblastoma stem-like cells 
(GSCs) and neuronal stem cells (NSCs) derived from patients (Toledo et al., 2015). PKMYT1 
and WEE1 regulators of the cell cycle were observed to be important factors promoting GSCs 
and NSCs survival (Toledo et al., 2015). These candidate target genes offer potential 
therapeutic targets for this aggressive form of brain cancer (Toledo et al., 2015). 
Recent elegant CRISPR/Cas9 loss-of-function screens demonstrated the potential of 
this system in the context of immunotherapy. These screens led to the identification of genes 
conferring either resistance or sensitivity to PD-1 immune checkpoint blockade, an 
immunotherapy treatment currently used in the clinic to treat melanoma, non-small-cell-lung 
carcinoma and renal cell carcinoma (Manguso et al., 2017; Patel et al., 2017). In the first 
study, a pooled knockout screen in melanoma cells that were injected into mice treated with 
PD-1 blockade (Manguso et al., 2017). sgRNAs targeting genes that were depleted in these 
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mice compared to control mice were suggested to confer sensitivity to immunotherapy 
treatment (Manguso et al., 2017). Amongst these genes, PTPN2 caused an increase in 
sensitivity to immunotherapy by promoting interferon gamma signaling for antigen 
presentation to T cells (Manguso et al., 2017). In the second study, T cells were first 
engineered to recognize a specific antigen and then co-cultured with melanoma cancer cells 
undergoing genome-wide CRISPR/Cas9 pooled gene knockouts (Patel et al., 2017). This new 
system, called 2CT-CRISPR, allowed screening for gene knockouts that conferred resistance 
to T cell activity (Patel et al., 2017). The authors recovered a subset of genes, including 
APLNR a gene of the G-protein coupled receptor family, whose loss-of-function promoted 
cell survival indicative of resistance to T cell function (Patel et al., 2017). This study provided 
important insights into the genetic circuitry associated with immunotherapy treatment 
resistance (Patel et al., 2017). Taken together, these studies illustrated the potential of the 
CRISPR/Cas9 technology to better define the genomic landscape associated with the response 
to immunotherapy. 
The CRISPR/Cas9 technology holds great promises for personalized medicine and in 
the fast-moving field of immunotherapy. The above examples showed that CRISPR/Cas9 
pooled loss-of-function screens can be applied in different contexts to address specific 
biological questions. In the following chapter, I describe the use of the CRISPR/Cas9 system 
to interrogate the identity of the genes associated with human cell size regulation. 
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How mammalian cells achieve cell size homeostasis remains enigmatic due to a lack of 
large-scale genomics studies on cell size regulation in mammalian cells. However, recently 
developed CRISPR/Cas9 technology now allows for global analysis of cell size regulators in 
higher eukaryotes. In the current study, I characterized a candidate gene identified in the first 
genome-wide CRISPR/Cas9 pooled knockout screens that interrogated cell size regulation in 
mammalian cells. I confirmed the transcriptional repressor TLE4 as a potent developmental 
regulator of cell size. Genes characteristic of B cell hematopoietic lineages were up regulated 
in NALM-6 TLE4 knockout cells, including genes associated with functions in B cell 
differentiation. I propose that TLE4 contributes to the maintenance of pre-B cell size 
homeostasis by participating in the B cell activation program. The genome-wide 
CRISPR/Cas9 screen provides one of the first examples of a size regulator that is linked to a 
developmental lineage. 
6.2 Introduction 
Cell size is intricately modulated since proliferating cells must acquire sufficient mass 
or volume to trigger cell division and increase the number of cells within a population over 
time. Thus, cell size homeostasis is achieved by balancing cell growth and cell division. In 
recent years, improvements in genome-wide technologies have permitted important 
discoveries on the identity of the genes that regulate cell growth and cell division. S. 
cerevisiae gene deletion collections allowed large-scale interrogations of genes implicated in 
cell size regulation, revealing that approximately ten percent of genes in budding yeast are 
associated with a cell size phenotype (Dungrawala et al., 2012; Giaever et al., 2002; Jorgensen 
et al., 2002; Zhang et al., 2002). Genes associated with the target of rapamycin (TOR) kinase 
such as its downstream targets Sfp1 and Sch9, were identified as central players in yeast cell 
size control (Jorgensen et al., 2002). Sfp1 and Sch9 sense nutritional status signals of the cell 
and modulate the translational output and participate in ribosomal production (Jorgensen et al., 
2002; Lempiainen et al., 2009; Urban et al., 2007). 
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TOR is conserved from yeast to mammals and is a key regulator of cell growth (De 
Virgilio and Loewith, 2006; Gonzalez and Rallis, 2017; Loewith and Hall, 2011; Zoncu et al., 
2011). In mammals, the mechanistic target of rapamycin complex 1 (mTORC1) functions as 
the central regulator of cell growth and is sensitive to rapamycin treatment (Bar-Peled and 
Sabatini, 2014; Loewith et al., 2002; Zoncu et al., 2011). mTORC1 integrates external signals, 
including growth factors, hormones, amino acids, energy status of the cell, oxygen and stress 
levels (Gonzalez and Rallis, 2017). At the lysosome, mTORC1 activates downstream S6K1 
and 4E-BP1 genes that in turn stimulate the activity of translation initiation factors at the 5’ 
end of mRNAs, including eIF4B and the eIF4F complex, to promote cap-dependent translation 
initiation (Ma and Blenis, 2009). This causes a global increase in protein production under 
favorable conditions resulting in cell growth. 
Many molecular constituents of the mTORC1 signaling network are well 
characterized. These include Rheb and Rag GTPases that are key activators of mTORC1 at the 
lysosome (Inoki et al., 2003; Sancak et al., 2008; Zhang et al., 2003). Upstream events occur 
through two main signaling pathways. The insulin-sensing branch of mTORC1 begins by 
activation of PI3K upon intake of insulin growth factors (Leevers et al., 1996). PI3K activates 
Akt that mainly functions to inhibit the TSC complex, composed of a heterodimer of TSC1 
and TSC2 molecules (Inoki et al., 2002; Potter et al., 2002). This inhibitory event is crucial to 
Rheb activation at the lysosome to promote mTORC1 activity at this location. The nutrients 
sensing branch of mTORC1 mediates the recruitment of mTORC1 at the lysosome. Amino 
acids intake stimulates the activation of the Ragulator complex, which is a key activator of 
Rag proteins (Bar-Peled et al., 2012; Sancak et al., 2008). GTP-bound Rags mediate the 
recruitment of mTORC1 at the lysosome where it is activated by Rheb upon growth factor 
stimulation (Bar-Peled et al., 2012). Essential for Rag activity are the GATOR1 and GATOR2 
complexes. GATOR1 functions as an inhibitor of Rag proteins, whereas GATOR2 
antagonizes this function by directly inhibiting GATOR1 under conditions of high amino acid 
levels (Bar-Peled et al., 2013). Therefore, the mTORC1 network plays a major role in cell 
growth control. 
Nonetheless, this is far from the complete list of genes implicated in mammalian cell 
size regulation. An approach to better define molecular regulators of size is to perform 
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genome-wide genetics studies. Large-scale screens to identify cell size regulators in 
mammalian cells remain inexistent. An RNAi-based screen for cell size regulators in 
Drosophila cultured cells is the only genome-wide study of size in higher eukaryotes 
(Bjorklund et al., 2006). Use of RNA interference (RNAi) for large-scale studies in 
mammalian cells is prone to high off-target rates and variable levels of gene knockdown, 
limiting their effectiveness (Echeverri et al., 2006). Thus, improvements in genome-wide 
technologies are needed to perform global analysis of mammalian cell size regulators. 
The revolutionary clustered regularly interspaced short palindromic repeats (CRISPR) 
and CRISPR/Cas9-associated technology provides just that. CRISPR/Cas9 derived from the 
Streptococcus pyogenes adaptive immune system was adapted for gene editing in mammalian 
cells (Cong et al., 2013; Jinek et al., 2012; Mali et al., 2013; Ran et al., 2013). CRISPR/Cas9 
allows for complete loss-of-function of target genes with great precision, efficiency and 
versatility (Cong et al., 2013; Jinek et al., 2012; Mali et al., 2013; Ran et al., 2013). The design 
of genome-wide pooled libraries of sgRNAs for gene deletion is conceptually similar to gene 
deletion collections of budding yeast strains, aside from being in a pooled format. 
CRISPR/Cas9 pooled loss-of-function screens were proven successful in mapping genes 
essential for cell viability and optimal fitness (Bertomeu et al., 2017; Blomen et al., 2015; Hart 
et al., 2015; Wang et al., 2015). In a recent publication, we carried out a CRISPR/Cas9 pooled 
knockout screen that identified genes essentials for optimal NALM-6 cell fitness (Bertomeu et 
al., 2017). In the current study, we conducted similar CRISPR/Cas9 pooled knockout screens 
to identify genetics regulators of human cell size. 
We present the first genome-wide CRISPR/Cas9 pooled knockout screen that 
addresses molecular regulators of human cell size. We conducted CRISPR/Cas9 loss-of-
function screens in NALM-6 pre-B lymphocytes followed by counterflow centrifugal 
elutriation for physical separation of cells by size. Our screening method allowed us to 
identify several known regulators of growth, including those associated with the mTORC1 
network. Interestingly, we identified the transcriptional repressor TLE4 as a candidate gene 
identified in the screen, which had not been previously associated with cell size functions. 
Further investigations revealed that transcripts associated with B cell activation and 
differentiation functions were up-regulated upon loss of TLE4 function. The differentiation 
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program of NALM-6 cells was also modified in TLE4 knockout cells and accompanied by a 
reduction in cell size. These results suggest that TLE4 participates in the developmental 
program of NALM-6 cells to maintain size homeostasis. 
6.3 Results 
6.3.1 Whole-genome CRISPR/Cas9 cell size screens in NALM-6 cells 
In order to investigate the molecular regulators of human cell size, genome-wide 
CRISPR/Cas9 loss-of-function screens were conducted. These screens were initiated and 
carried-out by Thierry Bertomeu, who recently reported with co-workers, the design of the 
custom extended knockout (EKO) library of pooled sgRNAs (Bertomeu et al., 2017). The 
EKO library is composed of a total of 278,754 sgRNAs that target 19,084 RefSeq protein-
coding genes, and included 2,043 non-targeting sgRNAs as controls (Bertomeu et al., 2017). 
For the purpose of this study, we will not be addressing the extended part of the library 
targeting 20,852 unique alternative exons and 3,872 hypothetical genes. T. Bertomeu. had 
previously generated a clone of the pre-B lymphocytic NALM-6 cell line expressing Cas9 
under a doxycycline-inducible promoter. The NALM-6 cell line was initially chosen for its 
diploid status and the ability to grow these cells in suspension, allowing for the use of 
counterflow centrifugal elutriation. 
The EKO sgRNA library was introduced into the NALM-6 Cas9 clonal cell line to 
generate an inducible pooled gene knockout library within a human cell line model. The 
inducible nature of the system was exploited and allowed screens to be done in multiple 
contexts without depletion of sgRNAs targeting essential genes. In the current study, the 
previously generated pool of NALM-6 cells with Cas9 and sgRNA expression was used to 
perform cell size screens. T. Bertomeu performed two replicates of the CRISPR/Cas9 pooled 
knockout screens. In the first screen, gene knockouts were induced for 7 days with 
doxycycline treatment following by 13 days of outgrowth. This timing depletes sgRNAs 
targeting essential genes from the pool and subsequently favors size scorings of non-essential 
genes (Bertomeu et al., 2017). 
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In parallel, the screen was repeated using the same library but inducing Cas9 
expression by doxycycline treatment for 8 days and followed by 4 days of recovery and 
expansion without doxycycline (Figure 6.5.1A). At all times, cells were kept under 
exponentially growing conditions to maintain an asynchronous population of cells and to 
avoid cell size bias from cell cycle arrest. Next, T. Bertomeu performed counterflow 
centrifugal elutriation to physically fractionate the pool of cells, from the smallest cells that 
exit the elutriation chamber at low flow to the largest cells that escape the chamber at a high 
flow rate (Figure 6.5.1B). A total of 13 fractions were collected and containing cells of 
increasing sizes as assessed by Coulter counter volume measurements from readings of a 
portion of cells from each fraction (Figure 6.5.1C). These measurements represent the pattern 
of size distribution of each fraction (Figure 6.5.1C). This was followed by large-scale genomic 
DNA extractions of each separate fractions and PCR amplification of sgRNA sequences 
(Figure 6.5.1D). sgRNA frequencies from each fraction was assessed by Illumina sequencing, 
as previously described (Bertomeu et al., 2017). 
Using our in-house scoring method for CRISPR dropout screens named RANKS 
(Bertomeu et al., 2017), gene knockouts depleted and enriched in the smallest and largest cell 
size fractions were determined. Gene rankings for the tendency of a gene knockout to make 
cells smaller or larger were obtained by comparing sgRNA frequencies from the combination 
of the three smallest fractions versus the three largest. All the sgRNAs present in the pool and 
targeting RefSeq annotated genes were used as internal controls (see Materials and Methods 
for details). Genes were ordered from those that are more likely to make cells smaller when 
knocked out (negative RANKS scores) to loss of gene function that are more likely to give rise 
to larger cells (positive RANKS scores). 
6.3.2 Many hits were identified in the cell size screens including the strong 
candidate gene TLE4 
The screens revealed that several gene knockouts potentially conferred either a small or 
large cell size phenotype (Figure 6.5.2A). sgRNAs targeting the Transducin Like Enhancer of 
split 4 (TLE4) were amongst the most enriched sgRNAs in small cell size fractions from both 
screen replicates (Figure 6.5.2A). TLE4 is known as a co-repressor for a variety of 
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transcription factors, including LEF/TCF, PAX and MYC, mostly involved in Notch and 
Wnt/beta-catenin signaling (Cinnamon and Paroush, 2008; Jennings and Ish-Horowicz, 2008). 
Interestingly, TLE4 has never been previously associated with cell size functions. These 
results suggest that CRISPR/Cas9 pooled knockout screens can detect gene knockouts that 
potentially confer cell size phenotypes and have not been previously addressed in cell size 
functions. 
In parallel to TLE4, many other top scoring genes with known functions in mTORC1 
signaling were identified in the screens (Figure 6.5.2A). sgRNAs enriched in large cell size 
fractions included those targeting TSC1 and TSC2 genes, negative regulators of growth 
through mTORC1 (Figure 6.5.2A-B) (Inoki et al., 2002; Zhang et al., 2003). TSC1 and TSC2 
genes scored high in both screen replicates (Figure 6.3.2A-B). This was also the case for 
components of the GATOR1 complex NPRL2/3 and DEPDC5 whose sgRNAs were enriched 
in large cell size fractions in both screen replicates (Figure 6.5.2A-B). The loss-of-function of 
GATOR1 components caused an increase in cell growth and consequently larger cell size 
consistent with the function of the complex as a negative regulator of mTORC1 (Bar-Peled et 
al., 2013). 
sgRNAs targeting RPTOR were also enriched in small cell size fractions (Figure 
6.5.2A). RPTOR is part of the mTOR complex 1 and participates in the recruitment of 
mTORC1 substrates upon amino acid or growth hormone uptake (Hara et al., 2002). We also 
identified three of the five members of the GATOR2 complex, namely MIOS, WDR59 and 
WDR24, as high scoring genes in small cell size fractions (Figure 6.5.2A-B). Upon amino 
acids stimulation, the GATOR2 complex inhibits GATOR1 to promote cell growth (Bar-Peled 
et al., 2013). These results are consistent with GATOR2 function as a positive regulator of 
growth since sgRNAs targeting genes member of the GATOR2 complex were enrichment in 
small cell size fractions (Figure 6.5.2A-B). Additional regulators of the amino acid sensing 
branch of the mTORC1 network are LAMTOR genes part of the Ragulator complex (Bar-
Peled et al., 2012). LAMTOR2 and LAMTOR4 were amongst the high scoring genes in small 
cell size fractions in both screen replicates (Figure 6.5.2A-B). These screen results are 
indicative of the role of LAMTOR genes as activators of mTORC1 (Figure 6.5.2A-B). 
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We also recovered all four members of a newly identified complex associated with 
mTORC1 signaling, named KICSTOR (Wolfson et al., 2017). This complex was found to 
interact with the GATOR1 complex, together acting as negative regulators of mTORC1 
(Wolfson et al., 2017). KICSTOR includes four members: KPTN, ITFG2, C12orf66 and SZT2 
(Wolfson et al., 2017). sgRNAs targeting all four constituents of the complex had high 
positive scores in both screen replicates (Figure 6.5.2A). KPTN, ITFG2, C12orf66 and SZT2 
showed a high tendency to give rise to large cell sizes (Figure 6.5.2A-B). These results 
demonstrated that our cell size screens well reconstituted many of the molecular constituents 
of the mTORC1 growth network (Figure 6.5.2B). Consistency of the data between the two 
screen replicates illustrated the robustness of the screens for the identification of genes 
potentially regulating human cell size. Notably, sgRNAs targeting TLE4 were top scoring in 
small cell size fractions (Figure 6.5.2A). Since TLE4 has no known cell size functions, I 
decided to focus my efforts on TLE4. 
6.3.3 The cell size phenotype conferred by loss of TLE4 function and 
several other candidates was validated 
We next sought to confirm the small cell size phenotype of TLE4 knockout cells and 
more generally to assess the reliability of our cell size screens. In order to do so, we 
interrogated the ability of TLE4 gene knockouts to affect NALM-6 cell size. In parallel, T. 
Bertomeu selected over 120 genes for individual validation based on high RANKS scores 
from both screen replicates (Figure 6.5.2A) and a few genes of interest to the field. Most of the 
genes selected by T. Bertomeu were amongst the top 100 scoring genes whose sgRNAs were 
enriched in either small or large cell size fractions from at least one replicate of the screen. For 
each gene, two independent sgRNAs were cloned in the all-in-one LentiCRISPR v2 vector for 
single gene knockouts in NALM-6 cells. NALM-6 cells were infected and selected for 
integration following puromycin selection. These single gene knockout populations were kept 
under asynchronous growth conditions by daily diluting cells to 400,000 cells per ml for a 
minimum of 4 consecutive days before assessing cell volume. Changes in cell volume were 
measured on a Coulter counter. 
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Using this assay, we validated a total of 64 genes that conferred either a small or large 
cell size phenotype upon deletion. This subset of validated genes is likely to underestimate the 
total number of genes that affect NALM-6 cell size since most selected genes for validation 
were ranked within the first 100 small or large ranked genes. Genes were considered validated 
when two independent sgRNAs provided the same answer for at least three volume 
measurements. Our stringent analysis identified 39 genes that when loss-of-function gave a 
small cell size phenotype and 25 loss of gene function associated with a large cell size 
phenotype. Amongst those validated genes, were the four members of the KICSTOR complex. 
KPTN (Figure 6.5.3A), ITFG2 (Figure 6.5.3B), C12orf66 (Figure 6.5.3C), and SZT2 (Figure 
6.5.3D), gene knockouts all resulted in an increase in cell volume when compared to control 
sgRNA populations. Unfortunately, the C12orf66 knockout cell population with the second 
independent sgRNA could not be assessed in this experiment (Figure 6.5.3C). Other examples 
of validated genes include WDR24 whose deletion with two independent sgRNAs caused a 
decrease in cell volume compared to larger volumes of control populations (Figure 6.5.3E). As 
a member of the GATOR2 complex, this result is consistent with a function as an activator of 
cell growth. Loss of WDR24 function likely prevented growth resulting in reduced cell size 
(Figure 6.5.3E). 
The small cell size phenotype attributed to TLE4 loss-of-function was validated using 
this assay (Figure 6.5.3F). Both sgRNAs targeting TLE4 reduced cell volume compared to 
control sgRNAs (Figure 6.5.3F). To further confirm the small cell size phenotype conferred by 
TLE4 loss of function, two additional sgRNAs from the EKO library and targeting TLE4 were 
used in an independent cell size assay. TLE4 loss-of-function caused by these two additional 
sgRNAs also conferred a small cell size phenotype (data not shown). These results confirmed 
that TLE4 knockout leads to a decrease in NALM-6 cell size. 
Following this result, I sought to determine the role of TLE4 in mammalian cell size 
regulation. I first wanted to know if the cell size phenotype conferred by TLE4 loss-of-
function was specific to NALM-6 pre-B lymphocytes. To test this, cell size assays were 
carried out in two additional cell lines using the same two independent sgRNAs targeting 
TLE4 (Figure 6.5.3F). I selected two other blood cancer cell lines: Jurkat T lymphocytes and 
Raji B lymphocytes derived from Burkitt's lymphoma. TLE4 knockout in both Jurkat and Raji 
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cell lines did not affect their size whereas it reduced cell volume in NALM-6 cells (Figure 
6.5.4A-C). The possibility that TLE4 knockout affects the size of other cell lines cannot be 
excluded. Cell size assays in other B lymphocytes derived from acute lymphoblastic leukemia 
(ALL), such as RCH-ACV and SMS-SB cell lines, would have to be performed to assess cell 
type specificity of TLE4 knockout. A broader panel of cell lines would also need to be tested. 
Nonetheless, this result suggested that the small cell size phenotype associated with TLE4 
loss-of-function is specific to pre-B NALM-6 cells. 
6.3.4 Transcripts associated with B cell-specific functions are up-regulated 
following TLE4 knockout 
I next wanted to gain insights into the role of TLE4 in NALM-6 cell size regulation. 
Very few published studies have addressed TLE4 function in mammalian cells. The 
mammalian TLE4 gene mostly serves context-dependent functions (Dayyani et al., 2008; 
Wheat et al., 2014). For instance, TLE4 act as tumor suppressor in AML carrying the AML1-
ETO translocation (Dayyani et al., 2008). TLE4 also plays a role in murine bone development 
(Wheat et al., 2014). TLE4-null mice show growth retardation due to severe bone marrow 
defects partly attributed to deficient B cell development (Wheat et al., 2014). TLE4 was 
reported to interact with the transcription factor PAX5, whose expression is essential early in 
B cell lymphopoiesis (Eberhard et al., 2000; Linderson et al., 2004; Nutt et al., 2001). In this 
context, TLE4 interacts with PAX5 to repress genes of inappropriate B-cell lineages (Eberhard 
et al., 2000; Linderson et al., 2004). 
Since TLE4 acts at the transcription level, I used RNA-sequencing (RNA-Seq) to 
transcriptionally profile TLE4-null NALM-6 cells. I generated two independent populations of 
NALM-6 cells carrying TLE4 knockouts using the two previously validated sgRNAs from cell 
size assays (Figure 6.5.3F). I also included for comparison two NALM-6 cell populations with 
control sgRNAs, one targeting the AAVS1 locus and the other targeting the azami-green 
fluorescent marker with no matching DNA in the genome. 
Since TLE4 is a known co-repressor of transcription, I hypothesized that transcripts of 
interest would be enriched in populations depleted of TLE4 when compared to controls. 
Indeed, I observed enrichment of transcripts associated with B cell-specific functions (Figure 
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6.5.5 and Table 1). Gene ontology enrichment for biological processes analysis performed by 
Jasmin Coulombe-Huntington revealed that the fraction of genes associated with pre-BCR 
signaling was increased in the absence of TLE4 (Figure 6.5.5). Genes implicated in B cell 
activation were also over-represented in TLE4 knockout populations when compared to other 
functions (Figure 6.5.5). 
Amongst the top scoring genes with highest transcripts levels upon TLE4 knockout, 
BANK1 and CD45 were identified and are known to participate in pre-B cell receptor (pre-
BCR) signaling (Table 1). Pre-BCR signaling is essential for B cell survival, development and 
differentiation (Rickert, 2013). Strong BCR expression is required at the pre-B cell stage to 
promote differentiation (Rickert, 2013). The BCR functions to modulate extracellular survival 
factors via the immunoglobulin gene and its adapters immunoglobulin alpha (CD79a) and beta 
(CD79b) chains (Rickert, 2013). Downstream signals are transmitted via the PI3K and 
ERK/MAPK signaling networks to specific transcription factors that coordinate B cell 
lymphopoiesis (Muschen, 2015; Rickert, 2013). Amongst the top 1000 scoring genes, I 
identified CD79a and CD79b transcripts that showed a moderate increase in TLE4 knockout 
cells (data not shown). Transcripts associated with the LYN gene, an important kinase that 
transmits signals from the BCR, were also slightly increased in TLE4 knockout cells (data not 
shown). Genes with transcript enrichments in TLE4 knockout NALM-6 cell populations also 
included CD23 and CD37 both implicated in B cell activation (Table 1). CD23 is as a receptor 
for immunoglobulin E that also participates in the differentiation program of B cells 
(Bonnefoy et al., 1995). Immunoglobulin gene rearrangements are characteristics of B cell 
development involving specific re-arrangement at different stages of differentiation (van Zelm 
et al., 2005). In one study, TLE4 was identified as part of a subset of genes implicated in 
specific immunoglobulin gene rearrangements during human B cell differentiation (van Zelm 
et al., 2005). 
These results showed that several components involved in B-cell specific functions, 
including pre-BCR signaling, B cell activation and differentiation, had elevated activities 
following loss of TLE4 function. Thus, the small cell size phenotype resulting from TLE4 
deletion in NALM-6 cells seems to be related to B cell specific functions. 
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6.3.5 CD19 differentiation factor is over-expressed following TLE4 deletion 
Since I observed overexpression of several genes implicated in B cell differentiation in 
the RNA-Seq analysis (Figure 6.5.5 and Table 1), I sought to investigate the possibility that 
TLE4 knockout can promote B cell differentiation. Cluster of differentiation (CD) genes, 
including CD23 and CD37 identified in the RNA-Seq experiment, are expressed at the surface 
of cells derived from hematopoietic lineages and function in the differentiation program. For B 
cells derived from the bone marrow, differentiation stages are discriminated by the expression 
of specific cell surface proteins (CD markers). In the bone marrow, human pro-B cells 
transition to the pre-B I cell stage upon CD19 expression (van Zelm et al., 2005). Loss of 
CD34 marks the passage to the pre-B II stage where cells are larger (van Zelm et al., 2005). 
These large pre-B cells express strong pre-BCR signaling (Rickert, 2013). The next stage of B 
cell development is associated with a reduction in size at the pre-B II (small) stage (van Zelm 
et al., 2005). Finally, strong CD20 expression promotes the transition to immature B cells that 
further differentiate outside of the bone marrow (van Zelm et al., 2005). Since NALM-6 cells 
are derived from the pre-B stage, I hypothesized that TLE4 knockout might promote the 
transition to the small pre-B II stage, explaining the reduction in cell size. 
In order to test this hypothesis, I looked at the expression level of proteins associated 
with specific stages of B cell differentiation. Protein expression was assessed by fluorescence- 
activated cell sorting (FACS) and compared between TLE4 knockout and wild type NALM-6 
cell populations. I assessed immunoglobulin M (IgM) levels reported to show reduce 
expression at the pre-B II small stage compared to the pre-B II large stage (van Zelm et al., 
2005). TLE4 knockout cells, using two independent sgRNAs, exhibited a small reduction in 
IgM expression as compared to wild type NALM-6 cells (Figure 6.5.6A). I also observed an 
increase in CD19 expression upon TLE4 knockout (Figure 6.5.6B). CD19 is expressed starting 
from the pre-B I stage and remains throughout B cell differentiation (van Zelm et al., 2005; 
Wang et al., 2012). CD19 is an important factor of B cell lymphopoiesis, actively participating 
in pre-BCR signaling (Fujimoto et al., 2000; Wang et al., 2012). A study suggested that strong 
CD19 expression could promote progression from early pre-B stages to the small pre-B stage 
(Wang et al., 2012). The possibility that loss of TLE4 function drives CD19 overexpression 
that in turn promotes the transition to the pre-B II small stage of differentiation needs to be 
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further addressed. These results remain preliminary and additional replicates of the experiment 
are required to reach a conclusion on the differentiation status of TLE4 knockout cells. Taken 
together with the RNA-Seq analysis of TLE4 knockout changes in transcription profiles 
involving BCR signaling, these data suggest that TLE4 promotes the activity of cell surface 
proteins essential to the B cell developmental program. Therefore, I propose that loss of TLE4 
function causes a de-regulation in pre-B cell homeostasis that translates into a reduction in cell 
size. 
6.4 Discussion 
 In the current study, I examined a candidate gene from the first genome-wide 
CRISPR/Cas9 pooled knockout screens that interrogated the molecular regulators of human 
cell size. The pipeline consisted in CRISPR/Cas9 dropout screens followed by counterflow 
centrifugal elutriation to physically separate cells grown in suspension by size. We provided a 
reliable method to identify genes that regulate mammalian cell size. Our cell size screens 
recovered many genes associated with the mTORC1 network implicated in cell growth 
regulation. The data we obtained was consistent between the two biological replicates of the 
screens, illustrating the robust nature of our screens. Interestingly, a candidate gene was 
identified in the screen, TLE4, and had not been previous associated with cell size regulation. 
Therefore, it was of interest to further investigate the function of TLE4 in cell size regulation. 
As a repressor of transcription, TLE4 knockout led to an increase in transcript expression for 
many genes associated with B cell activation and differentiation functions (Figure 6.5.5 and 
Table 1). CD19 protein expression was up-regulated in TLE4 knockout cells compared to wild 
type NALM-6 cells suggesting that the loss of TLE4 function alters the developmental 
program of these cells. 
Our CRISPR/Cas9 pooled loss-of-function screens served as a basis for the 
identification of genes that regulate human cell size. They allowed us to discover TLE4, a 
gene with no previous association with cell size regulation functions. TLE4 deletion resulted 
in a reduction in NALM-6 cell size when compared to controls (Figure 6.5.3F). The RNA-Seq 
analysis showed that the transcriptome of TLE4-null cells reflected B cell-specific functions, 
including pre-BCR signaling, B cell activation and differentiation (Figure 6.5.5 and Table 1). 
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Increased CD19 expression in TLE4 deleted NALM-6 cells further supported the participation 
of TLE4 in the pre-B cell program (Figure 6.5.6B). A previous study had showed that 
transformed cell lines might possess the potential to differentiate (Liu et al., 2014). The 
restoration of PAX5 expression in pre-B ALL-derived cells lines mutated for this gene led to 
an increase in CD19 expression levels, described as promoting differentiation (Liu et al., 
2014). Additional experiments are required to reach a conclusion about the differentiation 
status of TLE4 knockout cells. CD19 overexpression is not sufficient to state that TLE4 
knockout cells differentiate to the pre-B II small stage of B cell differentiation (van Zelm et 
al., 2005). It would be of interest to look at CD38 expression levels in TLE4 knockout cells, 
an important factor of B cell differentiation in mice (Donis-Hernandez et al., 2001), or CD23 
and CD37 markers uncovered in our RNA-Seq experiment (Table 1). The results presented in 
this study suggest that TLE4 loss of function influences the developmental program of 
NALM-6 cells and this causes an imbalance in cell size homeostasis reflected by a decrease in 
cell size. To our knowledge, this is the first study that describes a gene that participates in the 
maintenance of cell size homeostasis by affecting the developmental program of a specific cell 
type. 
Since cell size regulation was explored at large, our CRISPR/Cas9 screens revealed the 
nature of many other genes that affect human cell size. Amongst those were genes associated 
with the mTORC1 network key to growth control. All four members (KPTN, ITFG2, 
C12orf66 and SZT2) of the newly identified KICSTOR complex were recovered in both 
replicates of our cell size screens (Figure 6.5.2A). We confirmed the increased cell size 
phenotype associated with loss-of-function for all four members of the KICSTOR complex 
(Figure 6.5.3A-D). Interestingly, we had uncovered the role of C12orf66 in our first cell size 
screen prior to the publication of the study on KICSTOR (Wolfson et al., 2017). These results 
supported the efficacy and robustness of our screens to identify regulators of human cell size. 
The validated genes that affected cell size and presented in the current study only represent a 
small subset of the potential regulators of NALM-6 cell size. We only proceeded with the 
validation of 120 genes that scored amongst the top 100 genes potentially affecting NALM-6 
cell size. Genes outside of this boundary might also affect cell size and could further expand 
the landscape of genes contributing to mammalian cell size regulation. 
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In sum, we presented the first whole-genome CRISPR/Cas9 pooled knockout screen 
that interrogated the genetic regulators of mammalian cell size. A candidate gene identified in 
the screen, TLE4, was characterized. This investigation showed that TLE4 knockout affects 
the developmental program of pre-B cells by causing an increase in transcript expression 
primarily associated with B cell activation and differentiation functions. This study presents 
the first characterization of a gene that participates in the maintenance of human cell size 
homeostasis via lineage-specific developmental program coordination. 
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Figure 6.5.1 Outline of genome-wide CRISPR/Cas9 cell size screens in NALM-6 pre-B 
lymphocytes 
(A) Schematic representation of the pool of NALM-6 cells each expressing Cas9 and a 
different sgRNA (Top). During the second replicate of the screen, cells were treated with 
doxycycline for 8 days to allow gene knockouts to take place followed by a period of 4 days 
without doxycycline to allow expansion of the pool and recovery from doxycycline treatment 
(Bottom). Gene knockouts present in the pool and causing either a small (red) or large (green) 
cell size phenotype. (B) The pool of 975 million cells was collected for counterflow 
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centrifugal elutriation. Schematic of the elutriation chamber that contains cells arranged in a 
size gradient from largest (dark green) to smallest (red) created by the opposing centrifugal 
and flow forces. Slowly increasing the flow rate pushes cells with increasing volumes (from 
red to green) outside of the chamber. This results in the physical separation of cells in separate 
size fractions. (C) Cell volume was monitored by Coulter particle counting of a small sample 
from each of the 13 fractions previously collected. The graph depicts the distribution of cell 
volumes from each fraction from smallest (red) to largest (dark green), corresponding to 
increasing flow rates. (D) Large-scale genomic DNA extractions were performed from each 
separate cell size fractions. A region of 475 base pairs of DNA including part of the U6 
promoter and the sgRNA sequence was amplified in a first round of PCR. A second round of 
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Figure 6.5.2 Mammalian cell growth regulators associated with mTORC1 identified in 
cell size screens 
(A) Data from the first (left) and second (right) replicate of the CRISPR/Cas9 pooled knockout 
cell size screens. Genes are classified in alphabetical order (X axis) and their corresponding 
RANKS score is depicted (Y axis). Candidate genes whose knockout is predicted to result in 
small cell sizes have negative scores while genes whose knockout is predicted to make cells 
larger show positive scores. A total of 207 and 723 genes passed the FDR (<0.05) for the first 
and second screen replicates respectively. Candidate genes associated with mTORC1 
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signaling are represented (red and green). Gene members of the KICSTOR complex with high 
positive scores are also annotated (blue). (B) Schematic representation of the growth pathway 
associated with mTORC1 signaling. Key regulators of the network and essential for cell 
viability are represented (yellow). Genes highlighted in (A) are indicated and their location 
corresponds to their known function in the mTORC1 network. Color patterns follow results 
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Figure 6.5.3 Cell size assays confirm phenotypes conferred by several candidates from 
the screens 
(A-F) Graphs representing distributions of cell volume measured by Coulter particle counting. 
Single traces are depicted for the sgRNA targeting the AAVS1 locus (dark grey) and a non-
targeting sgRNA (light grey) as controls and the two independent sgRNAs targeting the same 
gene of interest. (A-D) Population of NALM-6 cells with knockouts for the four members of 
the KICSTOR complex (green) compared to controls (grey), all causing an increase in cell 
volume (E) WDR24 knockout cells (red) have reduced cell volumes compared to controls 
(grey). (F) TLE4 knockout (purple) population of cells showing a reduction in cell volume 

















































































Figure 6.5.4 The small cell size phenotype resulting from TLE4 deletion seems NALM-
6-specific 
(A) Jurkat T lymphocytes were infected with two independent sgRNAs targeting TLE4 
(turquoise). TLE4 knockout cells show no change in cell volume when compared to a non-
targeting control population (grey). (B) Raji B lymphocytes derived from Burkitt’s lymphoma 
do not observe any decrease in cell volume (blue) upon loss of TLE4 function. (C) Loss of 
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Figure 6.5.5 Genes associated with B cell-specific functions are up regulated upon 
TLE4 knockout 
RNA-seq was performed on two independent populations of cells with TLE4 knockouts (two 
independent sgRNAs) compared to two control NALM-6 cell populations, one targeting the 
non-phenotypic AAVS1 locus and the other non-targeting control (azami-green fluorescent 
marker). TLE4 knockout cells were compared to control samples to determine log2 ratios for 
each gene (J.C-H.). A GO term analysis was performed by J.C-H. on these RNA-seq data. 
Graph showing genes associated with BCR signaling functions (GO terms) enriched upon 
TLE4 deletion when compared to any other function (left). Graph representing genes enriched 






































Figure 6.5.6 The loss of TLE4 function leads to an increase in CD19 expression 
(A-B) FACS profiles corresponding to expression levels of two B cell-specific surface 
proteins. Fluorescence intensities of wild type NALM-6 (grey) versus NALM-6 infected by 
either of two lentiviruses inducing an sgRNA targeting TLE4 (sgRNA 1-blue and sgRNA 2-
purple). (A) IgM (APC) expression slightly reduced in TLE4 knockout cell populations (blue 
and purple). (B) CD19 (PE-Cy7) protein expression levels are increased in TLE4 knockout 




Ranking Gene name Log2 ratio Description 
1 MYBPC2 3.466   
2 CMTM3 3.158   
3 PARVG 3.013   
4 VPS26B 2.755   
5 PTPRC (CD45) 2.603 Important regulator of BCR signaling  
6 CLEC12B 2.598   
7 ALDH3B2 2.378   
8 ADAMTS18 2.341   
9 BANK1 2.275 B cell-specific scaffold protein, BCR signaling 
10 FMNL3 2.272   
11 CLEC12A 2.21   
12 FCER2 (CD23) 2.194 B cell-specific antigen, regulator of IgE production, differentiation 
13 NAPSA 2.155   
14 RIMBP2 2.126   
15 CD37 2.109 Cell surface protein, might play a role in B cell interactions 
16 ZFYVE28 2.094   
17 C7orf57 2.037   
18 ACY3 2.036   
19 NEIL1 1.982   
20 JAG1 1.978   
21 KLHL14 1.977   
22 CPNE5 1.936   
23 MFI2 1.93   
24 CLEC1B 1.923   
25 SPIB 1.833 Transcription factor enhancer of lymphoid-specific genes, BCR signaling  
26 PSD2 1.809   
27 FCRLA 1.779 B cell-specific and potentially important for B cell development 
28 SEMA5B 1.765   
29 FAM198B 1.721   
30 C16orf74 1.709   
Table Top scoring genes showing transcripts enrichment in TLE4 knockout cells 
The top 30 genes showing transcript enrichments in TLE4 knockout cell populations from the 
RNA-Seq experiment. Gene names correspond to their official HGNC symbol. Log2 ratios 
were calculated for each gene comparing TLE4 knockout to control samples. Genes associated 
with B cell-specific functions are highlighted (orange) and a brief description is provided. 
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6.6 Materials and Methods 
Cell culture 
293T (CRL-3216) cells were obtained from ATCC and the Nalm-6 cell line was a gift 
from Dr. Stephen Elledge (Harvard Medical School). 293T cells were cultured in DMEM 
medium supplemented with 10% FBS (Wisent). Nalm-6 cells were grown in RPMI medium 
supplemented with 10% FBS. Both cell lines were maintained at 37°C and 5% CO2. The 
Jurkat (TIB-152) cell line was obtained from ATCC. The Raji cell line was kindly provided by 
Dr. Guy Sauvageau (IRIC, Université de Montréal). Jurkat and Raji were both maintained in 
10% FBS RPMI medium and at 5% CO2 in 37°C incubators. 
NALM-6 cell size pooled screens 
The uninduced version of the EKO library (MOI of 0.5) previously generated 
(Bertomeu et al., 2017) was used for the first cell size screen. 3 aliquots of the EKO library 
containing 45 million cells each were thawed with about 50% of mortality at thawing, 
unfortunately. Since the representation of the library (250 cells per sgRNA) was maintained, 
we proceeded with this screen. Knockouts were induced for 13 days of doxycycline (2 ug/ml). 
Cells were then expanded for an extra 7 days without doxycycline to allow cell size recovery. 
During that time, cells were diluted to approximately 300,000 cells per ml every day. For the 
second screen replicate, the library was re-made. 987 million cells of the same dox-inducible 
Cas9 NALM-6 clone (Bertomeu et al., 2017) were infected with the EKO sgRNA lentivirus 
library and the MOI evaluated by Q-PCR at 0.36 with the same methodology as described in 
Bertomeu 2017. Following 6 days of blasticidin selection, cells were frozen. Each vial 
contained 22.5 million cells in 4.5 ml of freezing media (50% FBS, 40% RPMI, 10% DMSO). 
8 aliquots containing 22.5 million cells of this new version of the EKO library were thawed 
without significant mortality at thawing. This was followed by Cas9 induction with 
doxycycline (2 ug/ml) treatment for 8 days. Next, cells were cultured for an additional 4 days 
without doxycycline with daily dilution to 400,000 cells per ml to insure asynchronous 
exponential growth. Cells obtained from both pools were fractionated by counterflow 
centrifugal elutriation. A total of 352 million cells for the first screen and 975 million cells for 
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the second screen were slowly cooled down and maintained at 4°C. These cells were 
concentrated to 50 ml in 1% FBS RPMI media after 10 minutes of centrifugation at 300g. 
Cells were loaded in the elutriator (Beckman Coulter Avanti J-26 XPI centrifuge fitted with 
the JE-5.0 elutriation system using the small 4 ml chamber) at 6 ml per min using a Masterflex 
L/S Cole-Parmer peristaltic pump with centrifugation set at 2000 rpm (1st screen) and 2500 
rpm (2nd screen). 200 ml fractions of cells were collected in 1% FBS RPMI media by 
increasing flow rate increments until reaching up to 40 ml per min. A total of 13 separate cell 
size fractions were generated. Cell volume for each fraction was measured by loading 1 ml 
from each 200 ml fraction on a Z2 Coulter counter (Beckman Coulter). Cells were centrifuged 
at 1000g for 15 min, washed with 10 ml PBS 1X, re-centrifuged and cell pellets kept at -20°C 
until genomic DNA extraction. DNA was extracted from each fraction separately using 
QIAamp DNA blood maxi and mini kits (Qiagen). sgRNA sequences were amplified by two 
rounds of PCR as previously described (Bertomeu et al., 2017). sgRNA sequencing was 
performed on an Illumina HiSeq 2000 instrument configured for 50 base pairs single reads. 
Sequencing was done at the Génome Innovation Center of McGill University (Montréal, 
Canada). 
Screen results analysis 
Gene rankings were obtained by using our in-house built RANKS algorithm for every 
RefSeq gene as previously reported (Bertomeu et al., 2017). RANKS computed gene scores 
were obtained by comparing the smallest cell size fractions versus the largest fractions and 
using all sgRNAs targeting RefSeq genes as the internal control. For the first screen, gene 
scores from the two smallest fractions (10 and 12 ml per minute) were compared to the three 
largest fractions (28, 32 and 36 ml per minute). For the second replicate, fractions 8, 10 and 12 
ml per minute were compared to fractions 36 and 40 ml per minute. Lists of genes that when 
knocked out are predicted to give rise to smaller or larger cells were obtained from smallest to 
largest RANKS scores for both screen replicates. 
Cell size validation assays 
A list of candidate genes identified in cell size screens was established based on high 
rankings at both ends of the RANKS spectrum. Several other genes with slightly lower scores 
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were selected based on literature and possible association with cell size regulation in 
mammalian cells. Two sgRNA sequences for each gene to target were selected from the EKO 
library. For each round of validation, sgRNAs targeting the non-phenotypic AAVS1 locus and 
a non-targeting control (azami-green fluorescent marker) were included in the experiment. All 
sgRNAs were cloned in the all-in-one LentiCRISPR v2 (Addgene 52961) mammalian 
expression vector containing a puromycin selection cassette, Cas9 derived from S. pyogenes 
(SpCas9) expressed under the EFS promoter and an sgRNA expressed under the mammalian 
U6 promoter. Individual sgRNAs were designed and cloned into the LentiCRISPR v2 plasmid 
following the protocol from the Zhang lab (genome-engineering.org). Lentiviral preparations 
were produced in 293t cells for each corresponding sgRNA. A mixture of plasmids psPAX2 
(6.5 ug), pCMV-VSV-G (3.5 ug), and LentiCRISPR v2 (9 ug) was prepared and supplemented 
with polyethyleneimine (1 mg/ml) in 1 ml total with water. After 15 min incubation, this 
mixture was added to 9 ml of fresh DMEM 10% FBS medium containing 
penicillin/streptomycin. Old media was removed from 293t cells at approximately 85% 
confluency and replaced with the transfection mixture. 16 hours post-transfection, the media 
was replaced with 10 ml 2% FBS DMEM. 48 hours post-transfection, lentiviruses were 
recovered, filtered through a 0.45 µm PVDF filter and filter-sterilized concentrated solution 
preserving lentivirus was added for a final concentration of 5% sucrose, 2 mM MgCl2 and 10 
mM HEPES pH 7.5. Lentiviruses were stored at 4°C until use and the rest of the preparation 
stored at -80°C for later use. 100 µl of lentiviral preparation was pre-mixed for 15 min at room 
temperature with 900 µl of 10% FBS RPMI medium, penicillin/streptomycin (1X) and 
protamine sulfate (20 ug/ml). The mixture was then added to 1 million NALM-6 cells in 1 ml 
of media in a 24-well plate format. A negative control without viral preparation was included 
per round of infection. 48 hours post-infection, cells were re-suspended and 1 ml was 
discarded. 2 ml RPMI 10% FBS containing puromycin (final concentration 1 ug/ml) was 
added to the cells. The next day, 1 ml of cell was transferred to a T-25 flask containing 4 ml of 
10% FBS RPMI media supplemented with puromycin (1 ug/ml) and penicillin/streptomycin 
(1X). Cells were left under puromycin selection for a total of 6 days without them ever 
reaching 1 million cells per ml. Following selection, 1 ml of cells were put in 9 ml of isoton II 
diluent solution (Beckman Coulter) and counted within 5 minutes on a Z2 Coulter counter 
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(Beckman Coulter). NALM-6 cells post-selection were counted daily over the course of the 
experiment and diluted with 10% FBS RPMI media to a concentration of 400,000 cells per ml 
if they ever exceeded this concentration. Cells were read every day for a minimum of 3 days 
unless their concentration was too low. Around the same time each day, cell volume was 
measured by Coulter particle counting (Z2 Coulter). Cell volume measurements from the last 
day of the assay were used to assess cell size phenotypes associated with corresponding 
sgRNAs. Raw data were extracted from the Coulter counter to make corresponding cell 
volume graphs. Only data points ranging between volumes of 200 to 1200 fl were plotted to 
exclude debris. Cell counts attributed to bin volumes were normalized to an area under the 
curve equal to one. 
RNA-Seq 
Two NALM-6 TLE4 knockout cell populations (sgRNA 1 and 2) and two control 
populations (sgRNA targeting the AAVS1 locus and non-targeting sgRNA for the azami-
green fluorescent protein) were cultured for 11 days in 10% FBS RPMI media. 1 million cells 
from all 4 separate conditions were collected, centrifuged at 1200 rpm for 5 min, washed with 
1X PBS and re-centrifuged at 1200 rpm for 5 min. Cells were homogenized in 1 ml of Trizol 
solution. The presence of contamination with chemicals was assessed by nanodrop using 
260/280 and 260/230 ratios. Quantification of total RNA was made by QuBit (ABI) and 1000 
ng of total RNA was used for library preparation. Quality of total RNA was assessed with the 
BioAnalyzer Nano (Agilent) and all samples had a RIN above 9.6. Library preparation was 
done with the KAPA mRNAseq stranded kit (KAPA, Cat no. KK8420). Ligation was made 
with 11.4 nM final concentration of Illumina index and 9 PCR cycles was required to amplify 
cDNA libraries. Libraries were quantified by QuBit and BioAnalyzer. All libraries were 
diluted to 10 nM and normalized by qPCR using the KAPA library quantification kit (KAPA; 
Cat no. KK4973). Libraries were pooled to equimolar concentration. Sequencing was 
performed with the Illumina Hiseq2000 using the SBS v3 PE 200 cycles Kit (2x100bp). 
Around 53-60 M paired-end PF reads was generated per sample. Library preparation and 
sequencing was made at the Institute for Research in Immunology and Cancer’s Genomics 
Platform (IRIC). Gene ranking was established by calculating the log2 ratio of the average 
read counts for each gene in TLE4 knockout populations over the average read counts of 
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corresponding genes in control cell populations. Each ratio was normalized by the total 
number of reads in each sample. 
Antibody staining and FACS analysis 
The antibody against IgM (APC clone G20-127) was obtained from BD Biosciences. 
The antibody for CD19 (PE-cy7 clone SJ25C1) was kindly provided by the lab of Dr. Guy 
Sauvageau (IRIC, Université de Montréal). 1 million NALM-6 cells per condition were 
harvested for antibody staining. NALM-6 cells were centrifuged at 1200 rpm for 5 min, 
washed with 1X PBS and re-centrifuged at 1200 rpm for 5 min to pellet the cells. NALM-6 
wild type and NALM-6 TLE4 knockout (two independent sgRNAs) cell populations were 
used for the experiment after 8 days of knockout and after confirming the small cell size 
phenotype conferred by TLE4 knockout. Cells were washed with 1X PBS and blocked with 
1% BSA for 10 minutes on ice. Next, corresponding antibodies were added to separate cell 
populations. The quantity of antibody suggested by the manufacturer was added for IgM (20 
µl). CD19 (2 µl) were titrated by our providers and the volume of antibody suggested was 
added. Cells pre-mixed with antibodies were incubated for 30 minutes on ice in the dark. Cells 
where then washed with 1X PBS and transferred into FACS tubes for analysis. 10,000 events 
were recorded for each sample on a BD LSR II flow cytometer (BD Biosciences). IgM 
coupled to the APC fluorophore was excited with the 633-nm laser. CD19-PE-Cy7 was 
excited at 488 nm. The FSC-A parameter was adjusted for each sample. A negative control 
unstained sample was also included for each antibody measurement. Voltages were adjusted 
for each fluorophore. Data for each sample were compensated first for FSC-A and SSC-A 
parameters followed by FSC-H and FSC-W compensations and finally SSC-H and SSC-W. 
Data from compensated parameters were extracted for all 10,000 events acquired. Fluorophore 
intensity measurements were normalized to cell size values (FSC-A). 
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7 Discussion and perspectives 
The first article (Chapter 3) presents data that demonstrated the scaling of several 
aspects of cytokinesis with cell size. This study reflects the influence cell size can have on cell 
division. This work also helped better define the mechanics of cytokinesis occurring in a 
living tissue. In the second article (Chapter 6), a genome-wide approach was taken to 
interrogate the genetic regulators of mammalian cell size by performing CRISPR/Cas9 pooled 
knockout screens. These screens presented the first global analysis of genetic regulators in 
mammalian cells. I characterized TLE4 not previously described in cell size regulation 
functions. Altogether, the findings presented in these chapters showed that cell size influences 
the kinetics of cytokinesis in living epithelial cells and is itself finely tuned at the molecular 
level. The necessary balance between cell growth and cell division underscores the intimate 
relationship between these two processes that were under study here. 
The proper execution of cytokinesis and the maintenance of cell size homeostasis are 
both crucial to prevent pathologies, including cancer. Cytokinesis failure can result in the 
generation of tetraploid cells that are nearly twice as large as their diploid equivalent. When 
these tetraploid cells divide, chromosome segregation errors can occur, including aneuploidy 
an important hallmark of different cancers. Furthermore, increases in cell size are often used to 
detect cancer cells. It includes those that failed cytokinesis or large cells of brain tumors in 
tuberous sclerosis patients, amongst other examples (Goto et al., 2011; Lacroix and Maddox, 
2012). Thus, a better understanding of how cell growth and cell division processes are 
regulated is crucial for the development of improved cancer therapies. The work presented in 
previous chapters contributes to the fundamental knowledge that provides the foundation for 
the design of improved cancer therapies in the future. 
7.1 Future directions in cytokinesis studies 
Most of the current knowledge on cytokinesis comes from studies with isolated 
systems, such as C. elegans zygotes, yeasts and mammalian cells in culture. Decades of work 
with these systems, have led to the establishment of the conserved regulators that orchestrate 
the different events in cytokinesis (described in Chapter 2). However, a large void remains in 
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the cytokinesis field and cell biology in general, as to whether molecular regulation is 
conserved in the context of living tissues. In addition, very little is known about the impact 
tissue properties have on cytokinesis. Recent work, including ours (Chapter 3), began to 
address this void in the cytokinesis field (Bourdages and Maddox, 2013; Founounou et al., 
2013; Guillot and Lecuit, 2013; Herszterg et al., 2013a; Higashi et al., 2016; Morais-de-Sa and 
Sunkel, 2013a). Our work supports previous findings that suggested that there are different 
requirements for cytokinesis occurring in cells of living tissues. 
To better understand how cytokinesis occurs in living epithelia, we developed a novel 
model to characterize cytokinesis. We assessed cytokinesis occurring in the developing C. 
elegans vulval precursor cells (VPCs) that undergo reductional divisions (Figure 3.5.1). We 
reported the occurrence of asymmetric contractile ring closure in the VPCs (Figure 3.5.4). In 
an attempt to determine the molecular regulators governing this property we investigated the 
role of Anillin during VPC cytokinesis. Work performed with isolated cells identified Anillin 
as a scaffolding protein of contractile rings required for proper cytokinesis (Piekny and 
Maddox, 2010). During Drosophila embryonic and pupal epithelial cells cytokinesis, Anillin 
depletion caused a reduction in the rate of contractile ring closure (Founounou et al., 2013; 
Guillot and Lecuit, 2013). We also observed a decrease in the speed of contractile ring closure 
during all three rounds of VPC cytokinesis upon Anillin (ANI-1) depletion (Figure 3.5.4). Our 
result supports a conserved function for Anillin during epithelial cell cytokinesis that is to 
contribute to the proper kinetics of contractile ring closure.  
The same phenotype of reduced constriction rate was reported in Drosophila epithelia 
but following septin depletion (Founounou et al., 2013; Guillot and Lecuit, 2013). It would be 
of interest to address the function of septins during VPC cytokinesis. C. elegans possess two 
septin genes (unc-59 and unc-61) that would be depleted concomitantly using RNAi by 
feeding and the speed of contractile ring closure quantified for all three rounds of VPC 
cytokinesis. This simple experiment would provide additional evidences regarding the 
function of septins during epithelial cell cytokinesis. 
In the future, it would also be of interest to investigate the role of other conserved 
molecular regulators of cytokinesis in the living VPCs. These include components of the 
centralspindlin complex, namely ZEN-4 and CYK-4, and the RhoA activator, Ect2, 
 
 130 
contributing to the establishment of the division plane in isolated systems (Chapter 2). I would 
deplete these components individually by soaking RNAi to increase phenotype penetrance and 
measure the kinetics of cytokinesis using GFP-tagged non-muscle myosin II to visualize the 
contractile ring by time-lapse microscopy, as previously described (Figure 3.5.2). The breadth 
of the contractile ring, asymmetry, speed and the duration of contractile ring closure would be 
quantified in the VPCs of worms depleted for these proteins. 
An important question that remains poorly understood in the cytokinesis field is how 
tissue properties affect cytokinesis. In Drosophila epithelia, adherens junctions oppose the 
forces generated by the contractile ring to maintain tissue integrity during cytokinesis 
(Bourdages and Maddox, 2013; Founounou et al., 2013; Guillot and Lecuit, 2013; Herszterg et 
al., 2013a; Morais-de-Sa and Sunkel, 2013a). It would be of interest to investigate the 
contribution from adherens junctions during VPCs cytokinesis. This would help determine 
whether the mechanics of contractile ring closure, including properties such as speed and 
asymmetry, are conserved across metazoan. RNAi only partially disrupted C. elegans apical 
junctions and I did not observe any changes in the kinetics of contractile ring closure upon 
depletion of E-cadherin or AJM-1 components of adherens junctions (Figure 3.6.1). The use of 
CRISPR/Cas9 for complete gene loss-of-function might not result in viable progeny since both 
proteins are required for body elongation early during C. elegans development (Costa et al., 
1998). Instead, I would propose to perform laser cell ablation to investigate the contribution 
from apical junctions during VPC cytokinesis. Apical junctions are juxtaposed to the worm’s 
cuticle and would be ablated prior to VPC division and cytokinesis would be subsequently 
monitored by high-resolution time-lapse microscopy. This experiment would provide insights 
into the function of adherens junctions during cytokinesis in living epithelial cells of C. 
elegans. 
Our study (Chapter 3) and that of others have provided insights into cell- and tissue-
type differences in molecular or physical requirements for cell division (Bourdages et al., 
2014; Founounou et al., 2013; Guillot and Lecuit, 2013; Herszterg et al., 2013a; Higashi et al., 
2016; Morais-de-Sa and Sunkel, 2013a). I also examined the somatic cells constituting the C. 
elegans gonad to address differences in contractile ring dynamics between two different 
tissues. I found that these somatic cells divided more slowly than the VPCs with an asymmetry 
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of contractile ring closure resembling that of the final round of VPC cytokinesis (Figure 
3.5.5). Thus, these findings demonstrated that the mechanics of cytokinesis differed depending 
on tissue-context. 
Finally, our work revealed that several aspects of cytokinesis scaled with cell size. I 
found that the breadth of the contractile ring scaled with VPC length as the cells decreased in 
length from one round of division to the next (Figure 3.5.2). I hypothesize that larger cells 
contain more proteins and thus recruit more contractile ring constituents to form a broader 
contractile ring in cells of increasing length. As VPCs reduce in length from one round of 
division to the next, they recruit less contractile components since they have a small volume to 
partition and less force to generate compared to longer cells with increased volume. 
Another finding from our work is that the speed of contractile ring closure scaled with 
VPC dimensions (Figure 3.5.3). In addition, the speed of constriction in the small VPCs 
positively correlated with the speed of contractile ring closure in larger C. elegans blastomeres 
(Figure 3.5.3). In C. elegans embryos, the duration of constriction was found to be 
independent of the initial perimeter of the cell, demonstrating the scaling of the speed of 
contractile ring closure with cell size (Carvalho et al., 2009). However, this study did not 
address whether the speed of furrowing scaled with cell dimensions or cell volume. Work with 
the filamentous fungi N. crassa showed that the speed of contractile ring closure scaled with 
the circumference of the cell (Calvert et al., 2011). In the VPCs, the speed of contractile ring 
closure also scaled with cell dimensions (Figure 3.5.3). Thus, our findings are consistent with 
that of others, demonstrating that a speed of contractile ring closure scales with cell size 
(Calvert et al., 2011; Carvalho et al., 2009). Altogether, these findings demonstrated that cell 
size influences the mechanics of cytokinesis. This brings about a different but related question 
as to how do cells regulate their size? 
7.2 Global analysis of genetic regulators of mammalian cell size 
The work described in Chapter 6, is derived from the first whole-genome screens for 
the effect of pooled gene knockouts on human cell size carried out in the Tyers laboratory. We 
performed genome-wide CRISPR/Cas9 pooled knockout screens followed by counterflow 
centrifugal elutriation to physically separate cells by size. Our CRISPR/Cas9 knockout screens 
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were robust and reliably identified many genes known to be involved in growth control 
associated with mTORC1 signaling (Figure 6.5.2). For instance, our screens recovered the 
four gene members of the KICSTOR complex, recently identified as a negative regulator of 
mTORC1 (Wolfson et al., 2017). We had also identified and confirmed the large cell size 
conferred by C12orf66 knockout, member of KICSTOR, prior to the publication by others 
(Wolfson et al., 2017). In sum, our work established the use of CRISPR/Cas9 pooled knockout 
screens to identify genes that regulate mammalian cell size. 
Nonetheless, it is noteworthy to address two limitations to this method in the 
identification of genes affecting cell size. First, genes essential for cell viability rapidly 
dropped out of the pools when knocked out. This prevented us from recovering essential genes 
that also function as cell size regulators. This might explain why we failed to recover mTOR 
and its downstream targets S6K1 and 4E-BP1 essential for NALM-6 cell viability (Bertomeu 
et al., 2017). Secondly, counterflow centrifugal elutriation does not efficiently fractionate 
adherent cells by size. Therefore, only cells grown in suspension, mostly of lymphoid origins, 
can be well separated by size using this method. This adds the limitation that we might fail to 
identify genes that specifically regulate the size of adherent cell-types. In addition, we might 
fail to recover genetic regulators of size shared by most mammalian cell types. Instead, we 
would expect to find genes knockouts causing a cell size phenotype specifically in 
lymphocytes or cell type-specific regulators, such as TLE4. The caveat to defining the global 
or general regulators of cell size is that screens have to be carried out in many different cell 
types. 
TLE4 had not been previous associated with cell size functions. The characterization of 
TLE4 function in cell size regulation suggested that it might be cell type-specific even though 
additional cell lines need to be examined. TLE4 knockout only reduced the size of NALM-6 
pre-B lymphocytes and not Jurkat (T cells) and Raji (B cell derived from Burkitt’s lymphoma) 
cell lines (Figure 6.5.4). This result suggested that the cell size phenotype associated with the 
loss of TLE4 function might be pre-B cell specific. Further investigating the function of TLE4 
in NALM-6 cell size regulation, I found that several transcripts associated with B cell-specific 
functions, including B cell activation and differentiation and BCR signaling, were up regulated 
in TLE4 knockout cells (Figure 6.5.5 and Table 1). An increase in CD19 expression in TLE4 
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knockout cells (Figure 6.5.6) led to the proposition that TLE4 knockout potentially caused B 
cell activation that translates into a reduction in NALM-6 cell size. However, additional 
experiments are required to determine TLE4’s function in the maintenance of pre-B cell size 
homeostasis. This includes the characterization of the direct transcriptional targets of TLE4. I 
recently obtained an antibody against TLE4 that would be used to perform chromatin 
immunoprecipitation sequencing (Chip-Seq). 
In sum, Chapter 6 presented the characterization of a gene, TLE4 that participates in 
cell size regulation of pre-B cells by acting on the developmental program. This suggests that 
the molecular circuitry contributing to the cell size program is vast. Considering this broad 
diversity of genes regulating cell size, future work will be aimed at defining how they are 
coordinated to maintain cell size homeostasis. Once we establish an extensive list of genes that 
affect NALM-6 cell size it would be of interest to perform functional analysis to cluster genes 
with similar functions. This would be a first indication of how they work together to regulate 
cell size. Subsequent experiments include the generation of clonal cell lines for genes of 
interest that we seek to further characterize. In the future, we would use these cell lines to 
perform molecular biology experiments, including immunoprecipitation and genetic epistasis 
analysis, to gain insights into how they are coordinated to regulate cell size. 
7.3 Do cells sense their size? 
Several questions in the cell size field remain open ended. For instance, can cells 
“sense” their size? Work with erythroblasts supported the idea that a “size sensing” 
mechanism exists in mammalian cells (Dolznig et al., 2004). This work demonstrated that 
smaller genetically engineered erythroblasts grew at slower rates compared to their larger 
equivalents (Dolznig et al., 2004). Introducing unfavorable growth conditions to larger fast-
growing erythroblasts shortened the time required to promote the G1-S phase transition 
(Dolznig et al., 2004). These results illustrated the rapid adaptation of erythroblasts to 
changing growth conditions and suggested the occurrence of size modulation in G1 dependent 
on cell size for these cells (Dolznig et al., 2004). 
Studies that investigated growth rates at higher temporal resolution suggested that the 
growth rate was dependent on cell size. Large cells grew faster and entered S phase prior to 
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their smaller equivalent that grew more slowly and entered S phase at a later time (Godin et 
al., 2010; Kafri et al., 2013; Park et al., 2010; Son et al., 2012; Tzur et al., 2009). It is 
noteworthy to mention that a study in rat Schwann cells suggested that these cells exhibited 
growth rates independent of cell size (Conlon and Raff, 2003). In this study, cell size slowly 
adjusted to changes in growth conditions, which led to the proposal that these adherent cells of 
the nervous system lacked a “size sensing” mechanism (Conlon and Raff, 2003). However, 
this is the only study that reports cell growth independence on cell size. The TLE4 
characterization I performed (Chapter 6) demonstrated the occurrence of developmental cell 
size regulation. These findings suggest that cell size is actively modulated and that cells 
possess a way to sense their size. Therefore, as most studies suggested the occurrence of a 
“size sensing” mechanism in mammalian cells, it is a generally well-accepted idea in the field. 
These findings raised another question that is if cells possess a way to “sense” their 
size, what do they sense. Candidate metrics include protein content, the concentration or 
abundance of a specific factor, mass or volume in general. Since we are in the early phase of 
data analysis of our cell size screens, we are actively looking for genetic evidence of a “size 
sensing” factor. For instance, we hypothesize that a gene implicated in “size sensing” when 
knocked out would result in broadening of the cell size range in the population when 
compared to wild type cells. However, we have yet to identify a gene knockout causing this 
cell size phenotype. The cell size regulating genes validated from our screens either caused an 
increase or decrease in cell volume (Figure 6.5.3). It is also possible that our cell volume 
measurements on a population of cells are not sensitive enough to observe changes in cell size 
in both directions. In order to circumvent this issue and to gain better insights into the function 
of specific genes identified in our screens and validated, we plan to generate clonal cell lines 
for selected gene knockouts. This would ensure that only mutated cells remain in the 
population to robustly assess a specific gene function in cell size regulation. 
7.4 Mammalian cell size; parts list and conservation 
In the future, it would be of interest to perform additional genome-wide cell size 
screens in different cell lines to establish a robust list of genes implicated in mammalian cell 
size regulation. Additional screens would also allow us to define a set of core or “universal” 
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cell size regulating genes as opposed to cell-type specific regulators of cell size. Therefore, I 
propose to screen two additional cells lines, Raji cells derived from Burkitt’s lymphoma and 
one cell line derived from chronic myeloid leukemia (K562). I would first generate Cas9 
clones with strong expression following doxycycline induction for both cell lines, as described 
in Chapter 6. These Cas9-expressing cells would be infected with our EKO library of sgRNAs 
and knockout cells separated by size using counterflow centrifugal elutriation, as previously 
described for NALM-6 pre-B lymphocytes (Chapter 6). These additional screens would also 
allow us to define a better cut-off for genes affecting size. It would also provide a more 
complete and robust list of genes affecting cell size for subsequent investigation on their 
function in cell size regulation. 
Further exploring cell size regulation at a system’s level, it would be of interest to 
investigate the conserved nature of genes identified in our CRISPR/Cas9 pooled knockouts 
screens. First, I would, with the help of Jasmin Coulombe-Huntington, examine the degree of 
conservation with known regulators of budding yeast cell size (Jorgensen et al., 2002). We 
also have access to a list of approximately 2000 genes that affect budding yeast cell size under 
different growth conditions (data from our laboratory). Genes essential for optimal 
mammalian cell fitness exhibited a greater degree of conservation with distantly related 
species suggesting that the same could apply for regulators of mammalian cell size (Bertomeu 
et al., 2017). I will also investigate the degree of conservation with C. elegans. Identifying C. 
elegans orthologs or genes with similar functions between these two species, I could employ 
the VPC model to address questions of size. I would take advantage of the ease of protein 
depletions by RNAi in this system to quantify their effects on VPC size or the size of cells of 
the somatic gonad. This experiment would provide information on the evolutionary 
conservation of genes regulating cell size. It could also guide us for future experiments in 
mammalian cells to establish their specific function in cell size coordination. 
Concluding remarks 
The work presented in this thesis described a novel model to characterize cytokinesis 
occurring in living epithelial cells. The kinetics of cytokinesis occurring in the precursor cells 
of the C. elegans vulva (VPCs) were quantified. This revealed that several aspects of 
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cytokinesis, including the speed of constriction and the breadth of the contractile ring initially 
assembled, scaled with cell circumference and cell length, respectively. These findings reflect 
the influence cell size has on cytokinesis. This work also provided knowledge on the 
mechanics of cytokinesis occurring in a living epithelium. In the second part of this thesis, the 
long-standing question of how cells regulate their size was addressed. An unbiased approach 
was taken to identify genes that regulate mammalian cell size. Using the CRISPR/Cas9 
technology to knockout, in a pool, every gene of the human genome, those that caused a cell 
size phenotype were identified. These genome-wide screens provided valuable insights into 
the nature of the genes that are implicated in human cell size regulation. TLE4, a candidate 
gene identified in the screen, was characterized. It was found that TLE4 is implicated in 
developmental cell size regulation of pre-B cells. Altogether, these studies contributed to the 
increasing knowledge on two processes that stand alone but that are intricately coordinated to 
ensure proper cell functioning. As fundamental building blocks of life, cells are sophisticated 
machines that must maintain an appropriate size and ensure the proper coordination of cell 
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